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Summary

1. Summary
1.1 Summary (English version)
The biosynthesis and folding of proteins is a fundamental process in all cells. However,
newly synthesized proteins are prone to misfold due to the cellular milieu that is crowded with
a myriad of macromolecules, which can lead to wrong interactions. Moreover, translation of
aberrant mRNAs often results in the production of defective polypeptides that are not able to
attain their native structure. They have to be rapidly eliminated to avoid damages in the cell.
Thus, different surveillance systems and ribosome-associated factors have evolved that
monitor the translation process and directly interact with nascent polypeptide chains to
support correct folding or to prevent the accumulation of defective proteins. Many aspects
concerning this cotranslational quality control network are still unknown.
This work deals with important principles of cotranslational protein quality control and folding
and is subdivided into two parts. Part (A) focuses on ribosome-associated factors that are
important to maintain cellular protein homeostasis in yeast, and part (B) gives insight into the
methodological development of new techniques to investigate de novo protein folding directly
at the ribosome in a collaborative effort. The obtained results are summarized in the following
sections.

(A) Quality control at the yeast ribosome
(i) The translation of erroneous mRNAs can result in ribosome stalling and synthesis of
aberrant truncated proteins. In yeast, the E3 ubiquitin ligase Not4, a component of the large
multiprotein Ccr4-Not complex, was proposed to target such arrested nascent chains for
proteasomal degradation. However, Ltn1, which is another E3 ligase and part of a ribosomeassociated quality control complex, has recently been identified to exclusively mediate
proteasome-dependent degradation of arrested polypeptides. Thus, the role of Not4 in
cotranslational quality control and its functional connection to Ltn1 remain unclear.
This work demonstrates that Not4 is a key player in the cotranslational quality control
network in Saccharomyces cerevisiae. Not4 and the Ccr4-Not complex predominantly
associate with polysomes that likely contain stalled ribosomal assemblies. However, Not4
does not contribute to ubiquitination of cotranslationally arrested nascent chains but inhibits
their expression. Furthermore, the absence of Not4 provokes defects in translational
repression upon nutrient withdrawal, constitutive folding stress and translation-dependent
accumulation of insoluble proteins. Interestingly, cells that lack the mRNA decapping
1
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activator Dhh1 or express a decapping enzyme with impaired function exhibit similar
phenotypes, suggesting a role of Not4 and decapping factors in negative regulation of
translation that is crucial to maintain cellular protein homeostasis.
Preissler, S.*, Reuther, J.*, Koch, M., Scior, A., Bruderek, M., Frickey, T., Deuerling, E.; (2015) EMBO
J; *equal contribution, shared first authorship

(ii) The Ccr4-Not complex consists of nine core subunits that form two functional modules.
Ccr4 and Caf1 constitute the major mRNA deadenylase activity of the yeast cell, whereas the
proteins Not2, Not3, Not4 and Not5 form the Not module that was proposed to regulate
transcription. In addition to this function, Not2 and Not5 have been shown to be important for
the integrity of the Ccr4-Not complex. Thus, a potential interaction of Not4 with other Not
proteins was investigated in this study. The deletion of the NOT2 or NOT5 gene resulted in
strongly reduced protein levels of Not4 and caused similar aberrant phenotypes that are
characteristic for not4Δ cells, such as growth defects in the presence of translation inhibitory
drugs, morphological abnormalities, induction of the heat shock response and protein
aggregation. Strikingly, both synthesis of arrest reporter proteins as well as translation under
nutritional limitations were derepressed in not2Δ and not5Δ cells. These results suggest that
Not2 and Not5 stabilize Not4 in the Ccr4-Not complex to maintain its function in the protein
homeostasis network.
Besides Not4 also the ribosome-associated chaperone system Ssb/RAC has been proposed
to regulate translation. Therefore, the roles of Not4 and Ssb were dissected to gain more
insight into their function in cotranslational quality control. Simultaneous deletion of Not4- and
Ssb-encoding genes causes synthetic lethality. In addition, both proteins show similar
impacts on translational repression of arrested polypeptides or upon nutrient withdrawal. The
obtained results suggest that Ssb and Not4 are crucial for the maintenance of a healthy
proteome. They may collaborate with each other but act at different stages of protein quality
control.
Reuther J.*, Preissler, S.*, Koch, M., Sachs, N., Bruderek, M., Ott, A.-K., Scior, A., Deuerling, E.;
(2015) to be submitted; *equal contribution, shared first authorship

(B) Cotranslational folding of nascent polypeptides
In order to study de novo protein folding at ribosomes two methods based on mass
spectrometry were established in a strong collaboration with the laboratories of Prof. S.
Radford and Prof. A. Ashcroft at the University of Leeds in Great Britain.
2
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(i) The first approach demonstrates the usability of limited proteolysis coupled with mass
spectrometry (MS) to investigate cotranslational protein folding in bacteria. The wellcharacterized and compactly folded SH3 protein was compared with its unfolded mutant
SH3-m10 to establish this new approach in a proof of principle study. Importantly, using
tryptic digest followed by nanoelectrospray ionization mass spectrometry the compactly
folded state of SH3 could be distinguished from the more unfolded und dynamic
conformation of SH3-m10. In order to investigate protein folding directly on the ribosome,
free SH3 and SH3-m10 were compared to their respective ribosome-tethered variants.
Strikingly, despite the high complexity of the samples, peptides released from the nascent
chains upon tryptic digest could be identified by MS. The data revealed minor but significant
variances in the structural features of free and ribosome-bound nascent chains. These
results are in agreement with earlier NMR-based studies. Big advantages of the used
method are the high sensitivity and speed of analysis that minimize conformational changes
within the nascent chain or ribosome after proteolysis. Thus, limited proteolysis coupled to
MS is an adequate technique for structural analysis of cotranslational protein folding.
Rajabi, K., Reuther, J., Deuerling, E., Ashcroft, A. E., Radford, S. E.; (2015) Protein Sci.

(ii) In the second approach fast photochemical oxidation of proteins (FPOP) coupled to mass
spectrometry (MS) was established. The covalent labeling of solvent-exposed amino acids
by radicals reports on the folding of a protein. Free SH3 and SH3-m10 proteins were used to
carefully optimize the experimental parameters such that oxidative labeling occurs prior to
conformational changes of the proteins. Using FPOP-MS the folding of SH3 and SH3-m10,
analyzed as either intact proteins or with a bottom-up approach, could be distinguished. The
obtained results demonstrate that FPOP-MS provides a powerful tool to evaluate the
conformation of a protein and pave the way for detailed structural analysis of more complex
samples, such as ribosome-nascent chain complexes.
Rajabi, K., Reuther, J., Deuerling, E., Ashcroft, A. E., Radford, S. E.; (2015) to be submitted

(iii) The generation of point-specifically arrested ribosome-nascent chain complexes (RNCs)
in eukaryotic model organisms is challenging but of great importance to study cotranslational
protein folding, e.g. in terms of structure formation. So far, no in vivo system is available to
quantitatively express and purify RNCs from eukaryotic cells, since several backup systems
exist that prevent ribosome stalling. This work provides several approaches to arrest
translation in yeast using different stalling constructs and deletion strains. However, neither
of these strategies was suitable to stably and quantitatively stall ribosomes and hence, have
to be optimized in future studies.
3
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1.2 Zusammenfassung (deutsche Version)
Die Synthese und Faltung von Proteinen ist ein fundamentaler Prozess in allen Zellen. Neu
synthetisierte Proteine können jedoch leicht fehlfalten, da das zelluläre Umfeld durch eine
Vielzahl an Makromolekülen überfüllt ist und es zu falschen Interaktionen kommen kann.
Zudem führt die Translation von anormalen mRNAs oft zur Produktion von fehlerhaften
Proteinen, die ihre native Struktur nicht annehmen können und deswegen schnell entfernt
werden müssen um Schäden in der Zelle zu vermeiden. Darum überwachen Kontrollsysteme
und Ribosomen-assoziierte Faktoren den Translationsprozess und interagieren direkt mit
naszierenden Ketten um deren korrekte Faltung zu unterstützen und die Akkumulierung von
defekten Proteinen zu verhindern. Viele Aspekte der funktionellen Verknüpfung dieses
kotranslationalen Qualitätskontrollnetzwerkes sind noch unbekannt.
Diese Arbeit beschäftigt sich mit wichtigen Prinzipen der kotranslationalen Qualitätskontrolle
und Faltung von Proteinen und ist in zwei Teile unterteilt. Teil (A) fokussiert sich auf
Ribosomen-assoziierte Faktoren, die wichtig sind um den zellulären Proteinhaushalt in Hefe
aufrecht zu erhalten. Zudem gewährt Teil (B) im Rahmen einer Kollaboration Einsicht in die
Entwicklung neuer Methoden zur Erforschung der Faltung neu synthetisierter Proteine am
Ribosom. Die erzielten Ergebnisse sind in den nächsten Abschnitten zusammengefasst.

(A) Qualitätskontrolle am Heferibosom
(i) Die Translation fehlerhafter mRNA kann dazu führen, dass Ribosomen während der
Translation stoppen und anormale, verkürzte Proteine gebildet werden. Es wurde vorgeschlagen, dass die E3 Ubiquitin-Ligase Not4, die ein Bestandteil des großen, aus mehreren
Proteinen bestehenden Ccr4-Not-Komplexes ist, in Hefe solche arretierten Proteine für den
proteasomalen Abbau markiert. Ltn1, eine weitere E3 Ligase und Teil eines großen, mit
Ribosomen assoziierten Qualitätskontrollkomplexes, wurde jedoch kürzlich als die alleinige
E3 Ligase identifiziert, welche den proteasomalen Abbau arretierter Polypeptide vermittelt.
Deshalb bleibt die Rolle von Not4 in der kotranslationalen Qualitätskontrolle und seine
funktionelle Verknüpfung mit Ltn1 ungewiss.
Diese Arbeit zeigt, dass Not4 eine Schlüsselrolle in der kotranslationalen Qualitätskontrolle
bei Saccharomyces cerevisiae spielt. Not4 und der Ccr4-Not-Komplex assoziieren vorzugsweise mit Polysomen die wahrscheinlich auch arretierte Ribosomen enthalten. Not4 ist
jedoch nicht an der Ubiquitinierung arretierter naszierender Ketten beteiligt, sondern inhibiert
deren Expression. Das Fehlen von Not4 ruft Defekte in der Repression der Translation
hervor, nachdem der Zelle Nährstoffe entzogen wurden. Zudem herrscht konstitutiver

4
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Faltungsstress und es häufen sich, in Abhängigkeit von der Translationsaktivität, unlösliche
Proteine an. Interessanterweise zeigen Zellen, denen der Decappingaktivator Dhh1 fehlt
oder deren Decappingenzym nicht voll funktionstüchtig, ähnliche Phänotypen. Dies deutet
darauf hin, dass Not4 und Decappingfaktoren eine Rolle in der negativen Regulation der
Translation spielen und äußerst wichtig für die Aufrechterhaltung des zellulären
Proteinhaushalts sind.
Preissler, S.*, Reuther, J.*, Koch, M., Scior, A., Bruderek, M., Frickey, T., Deuerling, E.; (2015) EMBO
J; *gleiche Beteiligung, geteilte Erstautorenschaft

(ii) Der Ccr4-Not-Komplex besteht aus neun Hauptuntereinheiten, die zwei funktionale
Module bilden. Ccr4 und Caf1 stellen die vorrangige mRNA-Deadenylaseaktivität der
Hefezelle, wohingegen die Proteine Not2, Not3, Not4 und Not5 das Not-Modul formen, das
an der Regulation der Transkription beteiligt zu sein scheint. Zusätzlich zu dieser Funktion
wurde für Not2 und Not5 gezeigt, dass sie wichtig für die Integrität des Ccr4-Not-Komplexes
sind. Darum wurde in dieser Arbeit eine potentielle Interaktion von Not4 mit den anderen Not
Proteinen untersucht. Die Deletion des NOT2- oder NOT5-Gens führte zu einer starken
Abnahme des Not4-Proteinlevels und verursachte zudem ähnliche anormale Phänotypen,
wie sie charakteristisch für not4Δ Zellen sind. Dazu gehören Wachstumsdefekte in Gegenwart von Substanzen, welche die Translation inhibieren, morphologische Abnormalität, die
Induktion der Hitzeschockantwort und Proteinaggregation. Bemerkens-werterweise konnten
in Abwesenheit von Not2 oder Not5 sowohl die Synthese arretierter Reporterproteine als
auch die Translation als Antwort auf Nährstoffentzug nicht mehr reprimiert werden. Diese
Ergebnisse deuten darauf hin, dass Not4 im Ccr4-Not-Komplex durch Not2 und Not5
stabilisiert wird um seine Funktion im zellulären Proteinhaushalt aufrecht zu erhalten.
Neben Not4 wurde auch eine Rolle des mit Ribosomen assoziierten Chaperonsystems
Ssb/RAC bei der Regulation der Translation vorgeschlagen. Deshalb wurden Not4 und Ssb
analysiert um mehr über ihre Funktion in der kotranslationalen Qualitätskontrolle zu erfahren.
Die gleichzeitige Deletion der für Not4 und Ssb kodierenden Gene führt zu einer
synthetischen Letalität. Zusätzlich haben beide Proteine ähnliche Auswirkungen auf die
Repression der Translation arretierter Polypeptide oder nach Nährstoffentzug. Die
erhaltenen Ergebnisse deuten darauf hin, dass beide Proteine sehr wichtig sind um ein
gesundes Proteom zu gewährleisten. Sie arbeiten zusammen, agieren aber auf
verschiedenen Ebenen.
Reuther J.*, Preissler, S.*, Koch, M., Sachs, N., Bruderek, M., Ott, A.-K., Scior, A., Deuerling, E.;
(2015) fertiges Manuskript; *gleiche Beteiligung, geteilte Erstautorenschaft
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(B) Kotranslationale Faltung naszierender Polypeptide
Im Rahmen einer Kollaboration mit den Laboren von Prof. S. Radford und Prof. A. Ashcroft
an der Universität Leeds in Großbritannien wurden zwei Methoden etabliert, die auf Massenspektrometrie beruhen, um die Faltung neu synthetisierter Proteine zu untersuchen.

(i) Die erste Methode zeigt die Nutzbarkeit der mit Massenspektrometrie (MS) gekoppelten
limitierten Proteolyse um kotranslationale Proteinfaltung am bakteriellen Ribosom zu untersuchen. Das ausgiebig charakterisierte und kompakt gefaltete Protein SH3 wurde mit seiner
ungefalteten Mutante SH3-m10 verglichen um diese neue Herangehensweise in einer
Beweisstudie zu etablieren. Nach Verdau mit Trypsin und Nanoelektrospray-IonisierungsMassenspektrometrie konnte die kompakte Faltung von SH3 von der eher ungefalteten,
dynamischen Konformation von SH3-m10 unterschieden werden. Um Proteinfaltung direkt
am Ribosom untersuchen zu können wurden freies SH3 und SH3-m10 mit ihrer jeweiligen
Ribosomen-gebundenen Variante verglichen. Bemerkenswerterweise konnten die Peptide,
die durch den Trypsinverdau der naszierenden Ketten entstanden, trotz der hochkomplexen
Proben per MS identifiziert werden. Die Daten zeigen geringe, aber signifikante Abweichungen zwischen der Struktur freier und Ribosomen-gebundener naszierender Ketten.
Diese Ergebnisse stimmen mit früheren NMR-basierten Studien überein. Große Vorteile
dieser Methode sind die hohe Sensitivität und Analysegeschwindigkeit, durch die strukturelle
Veränderungen der naszierenden Kette oder des Ribosoms nach der Proteolyse verringert
werden. Deshalb ist limitierte Proteolyse, gekoppelt mit MS-Analysen, eine geeignete
Technik für die strukturelle Untersuchung kotranslationaler Proteinfaltung
Rajabi, K., Reuther, J., Deuerling, E., Ashcroft, A. E., Radford, S. E.; (2015) Protein Sci.

(ii) Die zweite Methode ist die schnelle photochemische Oxidation von Proteinen (fast
photochemical oxidation of proteins, FPOP), die mit Massenspektrometrie (MS) gekoppelt
wird. Die kovalente Modifikation von Aminosäuren durch Radikale an der Proteinoberfläche
dient zur Analyse der Proteinfaltung. Freies SH3 und SH3-m10 wurden genutzt um die
experimentellen Parameter sorgfältig zu optimieren, sodass die Markierung durch Oxidation
geschieht bevor die Proteine ihre Konformation ändern. Mit dieser Herangehensweise
konnte die Faltung von SH3 und SH3-m10, die entweder als intaktes Protein oder mit einem
Bottom-up-Ansatz analysiert wurden, unterschieden werden. Die erhaltenen Ergebnisse
beweisen, dass FPOP-MS eine überzeugende Technik ist, mit der die Konformation eines
Proteins evaluiert werden kann. Zudem ebnet sie den Weg für detaillierte Strukturanalysen
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von komplexeren Proben, wie z. B. Komplexen aus Ribosomen und naszierenden Polypeptidketten.
Rajabi, K., Reuther, J., Deuerling, E., Ashcroft, A. E., Radford, S. E.; (2015) fertiges Manuskript

(iii) Die Erzeugung von punktgenau arretierten Komplexen aus Ribosomen und naszierenden Ketten in eukaryotischen Modellorganismen ist schwierig, aber von großer Bedeutung
um die kotranslationale Proteinfaltung z. B. strukturell zu untersuchen. Bisher ist noch kein
System verfügbar, das die quantitative Expression und Aufreinigung solcher Komplexe
erlaubt, da eukaryotische Zellen viele Kontrollsysteme besitzen, die das Innehalten der
Ribosomen verhindern. Diese Arbeit liefert einige Ansatzmöglichkeiten um die Translation in
Hefe zu arretieren, indem verschiedene Arrestkonstrukte und Deletionsstämme verwendet
werden. Jedoch ist keine dieser Strategien geeignet um Ribosomen stabil und quantitativ zu
arretieren, und daher müssen sie in zukünftigen Studien optimiert werden.

7

Introduction

2. Introduction
2.1 Protein homeostasis
Protein homeostasis, or proteostasis, describes a cellular network that keeps the
concentration, conformation, binding interactions, processing and location of proteins in a
balanced state to guarantee a healthy proteome of an organism (Balch et al., 2008).
Therefore, complex interconnected and elaborate pathways have evolved that control the
fate of a protein beginning from its synthesis, folding and trafficking to its degradation
(Figure 1). Besides maintaining the functionality of proteins the proteostasis network is
crucial for the proteome to rapidly adapt to environmental changes and to counteract stress
situations. Quality control mechanisms have to be tightly regulated to maintain protein
homeostasis, as proteins are inherently prone to misfold due to their chemical properties.
These mechanisms alleviate proper folding of newly synthetized proteins or refolding of
misfolded proteins as well as elimination of protein aggregates (Powers et al., 2009).
However, defects in any quality control branch or a decreased ability to cope with proteotoxic
stress can cause a breakdown of the entire proteostasis network that is manifested by
numerous protein misfolding diseases. Amongst them are neurodegenerative disorders
where misfolded proteins accumulate in aggregates or loss of function diseases that are
associated with excessive degradation of a mutated protein (Powers et al., 2009; Douglas &
Dillin, 2010).
The following chapters highlight basic mechanisms and challenges of protein synthesis and
folding. Further, strategies are described how a cell is able to abrogate proteotoxic stress to
maintain a healthy cellular environment.

2.2 Protein biosynthesis by ribosomes
Almost 60 years ago Francis Crick defined the central dogma of molecular biology that
describes the flow of genetic information in a biological system (Crick, 1958; Crick, 1970). It
states that genomic DNA encodes the amino acid sequence of all proteins. Genetic
information is first transcribed into messenger RNA (mRNA) and subsequently translated by
ribosomes into linear amino acid chains. Upon translation the polypeptide chains are
released from the ribosome into the cytosol and have to adopt their native structure to
become functionally active. The cellular chaperone system can assist protein folding if
necessary, however, if folding cannot be achieved, newly synthesized proteins are either
degraded or, in the worst case, start to aggregate. In the recent years many studies provided
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details on protein synthesis, folding and quality control as it is of particular interest to
understand these processes.

Figure 1: Pathways in the proteostasis network. The proteostasis network is tightly regulated and adjusted
depending on the present physiological conditions. Arrows indicate the possible individual pathways in the
proteostasis network. Adapted from (Balch et al., 2008).

2.2.1 Architecture and function of the ribosome
Ribosomes are complex macromolecular assemblies that convert the genetic information
encoded by mRNA into a linear amino acid sequence in all living cells. The overall structure
and function of the ribosome is highly conserved throughout all domains of life, whereupon
the highest sequence conservation is found in the functional central core comprising the
catalytically active site of the ribosome (Bashan & Yonath, 2008).
A bacterial cell contains up to 105 ribosomes, whereas more than a million ribosomal
particles can be found in a eukaryotic cell (Wegrzyn & Deuerling, 2005; Bashan & Yonath,
2008). Translational speed is remarkably high but differs between organisms. Bacteria
9
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perform polypeptide elongation at a rate of approximately 15-20 amino acids per second,
whereas translation in eukaryotes is slower with 5-7 amino acids per second (Wegrzyn &
Deuerling, 2005; Bashan & Yonath, 2008). In general, the ribosome consists of two subunits
formed by ribosomal RNA (rRNA) and ribosomal proteins that associate to be functionally
active. In bacteria three rRNA molecules (16S, 5S and 23S) and around 55 ribosomal
proteins constitute the 30S and 50S subunit of the 70S ribosome that has a molecular weight
of about 2.5 MDa. The eukaryotic 80S ribosome (MW ~ 4.2 MDa), is larger and more
complex as it consists of four rRNAs (5S, 28S, 5.8S and 18S) and approximately 80
ribosomal proteins (Wilson & Nierhaus, 2005; Bashan & Yonath, 2008; Yusupova &
Yusupov, 2014). Moreover, ribosomes of eukaryotic organisms contain long rRNA elements
termed expansion segments (ES) (Yusupova & Yusupov, 2014).

Figure 2: Architecture of the yeast 80S ribosome. View from the A) E-site of the 80S particle, B) small subunit,
C) A-site of the 80S particle, and D) large subunit. Ribosomal proteins are labeled according to the new
nomenclature. Ribosomal RNA is colored in white. Proteins in blue, cyan and teal are part of the small ribosomal
subunit, whereas proteins in red, orange and yellow belong to the large subunit. Modified from (Yusupova &
Yusupov, 2014).
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For a long time it has been challenging to attain structural information on the arrangement of
ribosomal particles due to their size and complexity. In the recent years, structural studies
using X-ray crystallography or Cryo-electron microscopy (cryo-EM) allowed deeper insights
into protein biosynthesis on both a structural and a functional level. Cryo-EM analysis
provided first structure visualizations of the bacterial ribosome (Frank et al., 1995; Stark et
al., 1997; Agrawal et al., 1998). Later, the models of the 30S subunit of Thermus
thermophilus, the 50S subunit of Haloarcula marismortui and the entire prokaryotic 70S
ribosome from Thermus thermophilus were determined by X-ray crystallography (Cate et al.,
1999; Ban et al., 2000; Wimberly et al., 2000; Yusupov et al., 2001). In the meantime, highresolution structures of the 70S ribosome of Escherichia coli (Schuwirth et al., 2005) as well
as of the 80S particle of Saccharomyces cerevisiae, Drosophila melanogaster and Homo
sapiens are available (Figure 2) (Ben-Shem et al., 2010; Anger et al., 2013; Khatter et al.,
2015).
Both ribosomal subunits differ in their structure and function but operate cooperatively in the
process of peptide bond formation. The small subunit binds to mRNA and contains the
decoding center, the path along which the mRNA moves, as well as components that
regulate translation accuracy. In contrast, the large subunit possesses the main catalytic
activity located in the so-called peptidyl transferase center (PTC) and the exit tunnel to guide
the newly synthesized nascent chain into the cytosol. The surface area between both
subunits where all active sites are localized is mainly composed of rRNA and hence the
ribosome is considered to be a ribozyme (Nissen et al., 2000; Bashan & Yonath, 2008).
Transfer RNAs (tRNAs) decode the genetic information of the mRNA and deliver the amino
acids to the growing nascent polypeptide. Their binding sites [A (aminoacyl), P (peptidyl),
and E (exit)] reside on both subunits at the interface contact site where also the PTC is
found, which is adjacent to the entrance of the ribosomal exit tunnel in the large subunit. In
general, translation is organized in three different steps: initiation, elongation and termination,
all depending on additional non-ribosomal factors. For translation initiation the mRNA has to
be positioned accurately at the ribosome and this step differs between pro- and eukaryotes.
Simplified, the bacterial 30S ribosomal subunit binds with a pyrimidin-rich region of its 16S
rRNA (anti-Shine-Dalgarno sequence) to a complementary purine-rich segment (ShineDalgarno sequence) at the 5’ end of the mRNA in such a way that the initiation codon is
placed at the P site. In eukaryotic cells, translation initiation depends on scanning of the
mRNA by the ribosome from the 5’ cap downstream to the start codon and is therefore more
complex, and various non-ribosomal factors are required (Jackson, 2005; Sonenberg &
Hinnebusch, 2009; Jackson et al., 2010). The initial aminoacetylated tRNA binds to the AUG
start codon of the mRNA at the P-site and the next tRNA with the appropriate anti-codon
attaches to the following codon at the A-site. Upon peptide bond formation the A-site tRNA
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translocates to the P-site and the deacetylated P-site tRNA exits the ribosome via the E-site.
Each elongation cycle is associated with a dynamic conformational change facilitating mRNA
and tRNA translocation. As soon as the termination codon is recognized by termination
factors the newly formed nascent chain is hydrolyzed and released from the peptidyl-tRNA
into the cytosol (Bashan & Yonath, 2008; Jackson et al., 2010; Yusupova & Yusupov, 2014).

2.2.2 The environment for nascent polypeptides in the ribosome
During translation the growing nascent polypeptide extends through the exit tunnel of the
large ribosomal subunit that bridges the PTC and the cytosolic environment. It possesses a
length of approximately 80-100 Å and a diameter of 10-20 Å (Ban et al., 1999; Nissen et al.,
2000; Voss et al., 2006). Structural analyses revealed that the tunnel surface is lined with
rRNA lacking extended hydrophobic patches that guarantee a “nonstick” hydrophilic
character (Ban et al., 2000). This ensures the passage of every polypeptide regardless of its
hydrophobicity, charge and size. Limited proteolysis approaches dated back to the late
1960’s already suggested the ribosomal exit tunnel to accommodate 30-40 amino acid
residues and this was later confirmed by structural analysis of the Haloarcula marismortui
50S large ribosomal subunit (Malkin & Rich, 1967; Blobel & Sabatini, 1970; Picking et al.,
1992; Ban et al., 1999; Nissen et al., 2000). Due to its average diameter of 15 Å it was
assumed that up to 60 residues in α-helical secondary structure could suit into the tunnel
(Nissen et al., 2000; Voss et al., 2006). Indeed, several studies proposed, by distance
measurements using fluorescence quenchers or the accessibility of nascent chains to
molecules of modifying agents, that α-helix formation is possible within the upper and lower
exit tunnel (Kosolapov et al., 2004; Woolhead et al., 2004; Lu & Deutsch, 2005a; Lu &
Deutsch, 2005b; Wilson & Beckmann, 2011; Tu et al., 2014). In addition, cryo-EM studies
and molecular simulations of nascent chains within the tunnel detected minimalist tertiary
structure formation in the distal tunnel region near the exit port (Bhushan et al., 2010a;
O'Brien et al., 2010; Tu et al., 2014). Further, numerous cryo-EM reconstitutions of 70S and
80S ribosomes revealed that the conformational flexibility in the tunnel is limited and it seems
unlikely that nascent chains adopt folds more complex than α-helices (Halic et al., 2006a;
Halic et al., 2006b; Chandramouli et al., 2008; Becker et al., 2009; Seidelt et al., 2009; Taylor
et al., 2009). It was also stated for a long time that the ribosome tunnel is inert for nascent
polypeptides. However, there is growing evidence that it is more actively involved in
translational processes such as early protein folding, regulation of translation speed and
recruitment of targeting factors and chaperones to the exit site (Wilson and Beckmann,
2011). For example, structural and biochemical data show that ribosomal proteins protrude
into the tunnel (Ban, 2000; Nissen, 2000; Woolhead, 2004) and that preferred folding zones
12

Introduction
might exist allowing a dynamic communication between the ribosome and nascent chains
(Lu & Deutsch, 2005a; Lu et al., 2011; Zhang et al., 2013; Lu & Deutsch, 2014). In around
30 Å distance away from the PTC extensions of the ribosomal proteins uL4 and uL22 (old
nomenclature: Rpl4 and Rpl17) form a restriction that narrows the diameter of the exit tunnel
(Nissen et al., 2000; Wilson et al., 2011; Wilson & Beckmann, 2011).
Towards its distal end the tunnel widens significantly to form a vestibule (Ban et al., 2000;
Nissen et al., 2000; Lu et al., 2007; Lu & Deutsch, 2008; Kosolapov & Deutsch, 2009). rRNA
and the conserved ribosomal proteins uL22, uL23, uL24 and uL29 (Rpl17, Rpl25, Rpl26 and
Rpl35) encompass the exit pore. In different kingdoms additional proteins are found in this
region (Wilson & Beckmann, 2011). Importantly, the ribosomal exit site provides a defined
environment for interaction of the emerging nascent chains with downstream acting factors
that are essential for proper protein maturation (Giglione et al., 2009). In addition, since more
water molecules and ions are present in the broader vestibule it is likely that structure
acquisition in this region is favored to bury hydrophobic residues of nascent chains
(Kosolapov & Deutsch, 2009). Also, the negatively charged ribosomal surface has been
suggested to affect the dynamics of nascent proteins mainly due to electrostatic interactions.
This “sticking” effect might help to shield newly synthesized proteins from undesired contacts
with other proteins (Knight et al., 2013).

2.2.3 Mechanisms of ribosome stalling
Ribosome stalling induced by the properties of specific codons or amino acids
The ribosomal exit tunnel offers an overall electronegative environment mainly caused by the
negatively charged rRNA backbone lining the tunnel wall (Lu et al., 2007; Lu & Deutsch,
2008). The electrostatic potential might affect translation rates and indeed, longer stretches
of positively charged arginine or lysine residues resulted in transient ribosome pausing and
reduced translational speed due to electrostatic interactions (Lu & Deutsch, 2008). Strikingly,
the insertion of codons expressing consecutive lysine residues into an open reading frame
(ORF) induced translational arrest and destabilization of the resulting polypeptide in a
proteasome-dependent manner (Ito-Harashima et al., 2007). For efficient ribosome stalling
the threshold was found to be twelfe lysine residues and several studies have recently used
reporter proteins containing polybasic elements to analyze cotranslational quality control
processes during translational arrest (Dimitrova et al., 2009; Bengtson & Joazeiro, 2010;
Brandman et al., 2012; Matsuda et al., 2013). In addition, obstructive mRNA structures
(Doma & Parker, 2006) or IA wobble decoding that leads to inefficient triplet translation
have been shown to result in ribosome pausing (Letzring et al., 2010; Letzring et al., 2013).
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In E. coli, also the presence of rare codon clusters can cause ribosomes stalling (Robinson
et al., 1984; Misra & Reeves, 1985; Bonekamp & Jensen, 1988; Kane, 1995; Roche & Sauer,
1999), however, this effect is suggested to be less pronounced in yeast cells (Dimitrova et
al., 2009). Polybasic reporter constructs were also used in this study to induce ribosome
pausing and to investigate cotranslational quality control processes.

Specific ribosome arrest peptides
In bacteria and eukaryotes specific regulatory systems exist, in which the interaction between
nascent chain and ribosome regulates translation. The otherwise harmful event of
translational arrest is used to fine-tune the expression of downstream genes or to modulate
processes such as protein maturation or localization in response to specific environmental
signals (Ito & Chiba, 2013). Arrest peptides or leader peptides are often encoded as part of
an operon in bacteria or arise from translation of upstream open reading frames (uORFs) in
eukaryotes (Hood et al., 2009; Ito & Chiba, 2013). Strikingly, such peptides contain special
effector sequences that, when situated within the exit tunnel, dramatically affect translation
elongation or termination and lead to ribosome stalling (Lovett & Rogers, 1996; Morris &
Geballe, 2000; Hood et al., 2009; Ito et al., 2010). Although these segments share no
obvious similarity they all specifically interact with components of the tunnel wall. They act in
cis, i.e. only affect the ribosomes by which they are produced and are mostly influenced by
effector molecules such as an amino acid or antibiotic (Tenson & Ehrenberg, 2002).
Examples for such regulatory systems are the arginine attenuator peptide (AAP) from
Neurospora crassa, MTO1 of Arabidopsis thaliana or GCN4 of Saccharomyces cerevisiae
that all respond to amino acid alterations (Hood et al., 2009; Ito et al., 2010). In bacteria, e.g.
the SecM peptide monitors the cell’s secretion status, whereas ErmC and TnaC leader
peptides respond to the presence of antibiotics (Nakatogawa et al., 2004; Hood et al., 2009).
Upstream open reading frames with regulatory function are also present in viruses.
Examples are uORF2 preceding the UL4 gene of the cytomegalusvirus (CMV) (Degnin et al.,
1993) and the 2A peptide of the foot-and-mouth disease virus (Donnelly et al., 2001; Ito &
Chiba, 2013).
Several cryo-EM structures of ribosomes stalled during synthesis of effector sequences
helped to elucidate the respective stalling mechanisms, the conformations of the nascent
peptides within the exit tunnel and the interaction sites with elements of the tunnel wall
(Seidelt et al., 2009; Bhushan et al., 2010b; Bhushan et al., 2011). Surprisingly, the stalling
sequences generally interact with a similar set of tunnel components, namely the ribosomal
proteins uL4 and uL22 as well as special rRNA nucleotides, which are located close to
nascent chain residues crucial for translational arrest (Nakatogawa & Ito, 2002; Cruz-Vera et
14
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al., 2005; Lawrence et al., 2008; Vazquez-Laslop et al., 2008). Proline residues are often
found to be involved in ribosome stalling, as they are poor substrates for peptide bond
formation and thus affect the PTC during elongation or peptidyl-tRNA hydrolysis at a stop
codon (Janzen et al., 2002; Doronina et al., 2008; Muto & Ito, 2008; Pavlov et al., 2009;
Tanner et al., 2009; Yap & Bernstein, 2009; Starosta et al., 2014; Woolstenhulme et al.,
2015). Furthermore, stalling events are mostly accompanied by structural rearrangements
within the PTC (Seidelt et al., 2009; Bhushan et al., 2010b; Bhushan et al., 2011).

The mechanism of SecM-mediated ribosome stalling
The secMA operon expresses the secretion proteins SecM (secretion monitor) and SecA.
SecM is a unique 170 amino acid protein and plays a role in regulation of protein secretion in
the bacterial cell (Nakatogawa & Ito, 2001). It monitors the protein secretion activity and
controls the expression of the downstream secA gene that encodes an ATP-driven protein
translocase (Oliver et al., 1998; Nakatogawa & Ito, 2001). In E. coli SecA synthesis is
upregulated in response to impaired protein secretion (Oliver & Beckwith, 1982; Schmidt et
al., 1988). Here, a C-terminal stalling motif in the SecM amino acid sequence plays a crucial
role. The bacterial ribosome cannot proceed with translation as soon as the arrest sequence
150

FxxxxWIxxxxGIRAGP166 is inside the tunnel and elongation stops at Pro166 (Nakatogawa

& Ito, 2002). SecM contains an N-terminal signal sequence and is destined to the periplasm.
Under normal conditions translation of SecM stalls and the protein is cotranslationally
targeted by SRP to the SecYEG translocase in the plasma membrane. The stall is released
as the SecA-SecYEG complex “pulls” the SecM peptide through the pore into the periplasm
where it is rapidly degraded by a protease (Nakatogawa & Ito, 2001; Butkus et al., 2003).
Recent studies indeed support the idea that force applied to the arrested polypeptide relieves
stalling of translation (Gumbart et al., 2012; Ismail et al., 2012; Cymer et al., 2014; Goldman
et al., 2015).
Normally, the secM-secA operon forms a stem-loop structure in the intergenic region that
occludes the Shine-Dalgarno sequence of the secA ORF and restricts its expression
(McNicholas et al., 1997). SecM-stalled ribosomes sterically disrupt this secondary structure
and allow SecA translation. This event also locates the bicistronic secM-secA mRNA in close
proximity to the translocation machinery where newly synthesized SecA protein can
subsequently fulfill its function. Continuing secretion restricts further elongation arrest and
translation is terminated at the stop codon resulting in reformation of the stem-loop structure
and reduction of SecA synthesis. Under secretion-defective conditions, such as low
temperatures, prolonged pausing allows efficient translation of SecA and increased protein
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translocation activity (Nakatogawa & Ito, 2004; Nakatogawa et al., 2004; Nakatogawa et al.,
2005).
Detailed mutational analyses of components in the ribosomal tunnel as well as in the SecM
peptide helped to identify critical residues and the mechanism of translation arrest
(Nakatogawa & Ito, 2002). A SecM-stalled ribosome harbors the prolyl-tRNA (Pro166) in the
A-site of the PTC and cannot form a peptide bond with the peptidyl-tRNAGly (Gly165) located
in the P-site (Muto et al., 2006). Moreover, translation arrest is abolished upon mutation of
Gly91 or Ala93 in the ribosomal protein uL22 protruding into the exit tunnel at the constriction
site (Ban et al., 2000; Nakatogawa & Ito, 2002). Mutation of the 23S rRNA residues located
at the narrowest part of the tunnel also suppresses SecM signaling (Nakatogawa & Ito, 2002;
Vazquez-Laslop et al., 2010). Cryo-EM reconstitutions of SecM-stalled ribosome-nascent
chain complexes visualized direct interactions between residues of the ribosomal tunnel and
SecM (Bhushan et al., 2011; Gumbart et al., 2012). Surprisingly, positioning of SecM Arg163
towards A2062 of the 23S rRNA causes a shift of the ester linkage position of P-site tRNA
away from the A-site tRNA. This event perturbs the geometry and activity of the PTC
explaining SecM-mediated translational arrest.
As the SecM arrest peptide lacking its signal sequence causes ribosome stalling also in
unrelated sequences it has become a powerful tool to produce stalled ribosomes exposing
any desired polypeptide with defined length in vivo (Evans et al., 2005; Contreras-Martínez &
DeLisa, 2007; Hsu et al., 2007; Schaffitzel & Ban, 2007; Hsu et al., 2009; Eichmann et al.,
2010). Thus, SecM-mediated ribosome stalling was applied in this thesis to generate
ribosome-nascent chain complexes (RNCs) to analyze cotranslational protein folding in
E. coli.

2.2.4 Cotranslational processing mechanisms and covalent modifications of proteins
All newly synthesized proteins have to mature completely in order to become functionally
active. Maturation processes include protein folding, covalent modifications and/or transport
to their desired destination. These events often start cotranslationally and involve many
factors and enzymes that directly interact with ribosomes and nascent polypeptides
(Figure 3).
The signal recognition particle (SRP), for example, scans the N-termini of emerging nascent
polypeptides for hydrophobic signal sequences (Keenan et al., 2001). It assists correct
cotranslational targeting of the majority of these proteins to the endoplasmic reticulum (ER)
of eukaryotes or the plasma membrane of bacterial cells, respectively. Here, they are either
inserted into the membrane or delivered to the secretory pathway (Walter & Blobel, 1980;
Walter & Blobel, 1982; Luirink & Sinning, 2004; Cross et al., 2009).
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N-terminal modification is one of the first processing events nascent polypeptides are
subjected to. Due to the AUG start codon on mRNAs the amino acid sequence of almost
every translated protein starts with a methionine residue. Hence, 30-60% of nascent chains
are processed by methionine aminopeptidases (MAPs) catalyzing the cotranslational
removal of the N-terminal methionine (Ball & Kaesberg, 1973) (Meinnel & Giglione, 2008). In
eubacteria and organelles, however, protein synthesis starts with an N-formylated
methionine (fMet) (Meinnel et al., 1990). The cotranslational removal of the N-formyl group
by a peptide deformylase (PDF) is therefore a prerequisite for subsequent elimination of the
methionine residue (Fry & Lamborg, 1967; Adams, 1968; Pine, 1969). Methionine excision is
essential from bacteria to higher eukaryotes (Lowther & Matthews, 2002; Giglione et al.,
2004; Ross et al., 2005) and MAPs have been shown to interact with ribosomes but their
exact binding site still remains elusive (Vetro & Chang, 2002; Raue et al., 2007). In E. coli, a
C-terminal helix of PDF binds to a groove between the ribosomal proteins uL22 and bL32 of
the large subunit positioning the catalytic center towards the exit site (Bingel-Erlenmeyer et
al., 2008).
After the first methionine residue has been removed 50-80% of eukaryotic proteins are
N-α-acetylated, whereas this modification rarely occurs in bacteria and Archaea (Polevoda &
Sherman, 2000; Falb et al., 2006; Martinez et al., 2008; Arnesen et al., 2009; Van Damme et
al., 2011). Acetylation is catalyzed by N-acetyltransferases (NATs). In lower eukaryotes,
NATs are non-essential hetero-oligomeric enzyme complexes and exclusively transfer the
acetate moiety of acetyl-CoA to the N-α-amino group of a substrate polypeptide (Meinnel &
Giglione, 2008). In eukaryotic cells six NAT complexes with different substrate specificities
have been identified (Polevoda & Sherman, 2000; Van Damme et al., 2011; Starheim et al.,
2012). Although N-acetylation has been reported to be essential for the viability of human
cells and development of nematodes (Starheim et al., 2009; Gromyko et al., 2010; Rope et
al., 2011; Chen et al., 2014), so far only little is known about their physiological relevance.
One biological function of this modification is to create a specific degron to trigger
proteasome-dependent degradation (Hwang et al., 2010; Shemorry et al., 2013; Kim et al.,
2014). In addition, NATs are implicated in membrane targeting, protein-protein interactions
and cellular protein homeostasis (Bischof et al., 2011; Forte et al., 2011; Scott et al., 2012;
Holmes et al., 2014).
Since N-acetylation for short polypeptide chains with a length of 40-70 amino acid residues
(Pestana & Pitot, 1975; Palmiter et al., 1978) and association of NAT with ribosomes has
been demonstrated, it is assumed that nascent chains are acetylated during translation
(Yamada & Bradshaw, 1991; Green et al., 1978; Pelevoda, 2008). Yeast NatA, for example,
binds to ribosomes close to the exit tunnel probably via uL23 and uL29 (Rpl25 and Rpl35)
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and can be crosslinked to polypeptides emerging from the ribosome (Gautschi et al., 2003;
Polevoda et al., 2008).
After methionine excision 1-4 % of eukaryotic proteins are subjected to cotranslational
myristoylation, which is the covalent attachment of myristic acid, a 14-carbon saturated fatty
acid, to an N-terminal glycine residue (Boutin, 1997) (Rajala et al., 2000) (Farazi et al., 2001;
Selvakumar et al., 2007; Martinez et al., 2008). However, it still remains elusive how
myristoylation and translation are coupled (Meinnel & Giglione, 2008). In apoptotic cells,
myristoylation can also occur posttranslationally (Meinnel & Giglione, 2008; Martin et al.,
2011). Proteins carrying a myristic acid modification are mostly targeted to lipid membranes
where they are thought to play a role in the cellular communication network (Giglione et al.,
2015).

Figure 3: Cotranslational processes. Ribosome-associated factors interact with nascent polypeptides and
initiate transport to the desired destination, protein modification and folding. Quality control factors prevent the
accumulation of aberrant mRNAs and misfolded proteins. Deformylation and trigger factor are only found in
bacteria (*), whereas myristoylation is restricted to eukaryotic cells (°). Ssb is specific to yeast (^).
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2.3 Folding of newly synthesized proteins
2.3.1 Principles
In general, proteins consist of amino acids covalently linked via amide bonds. Upon their
synthesis, proteins undergo numerous conformational changes and finally acquire specific
three-dimensional structures. The unique fold of a protein is extremely important for its
dedicated function. Thus, it is of great interest to gain a detailed understanding of how
proteins organize into their characteristic folds.
Already in the 1950’s, Christian Anfinsen started his pioneering work on protein folding by
reversible denaturation experiments of ribonuclease and claimed that the amino acid
sequence of a protein determines its specific structure (Anfinsen, 1973). So far, most of our
understanding of the mechanisms of protein folding is based on in vitro refolding analysis of
denatured full-length proteins. However, the gained knowledge is restricted to experiments
done in highly diluted systems under optimal folding conditions. Despite a multitude of
protein folding studies it still remains elusive how this process is determined by the primary
amino acid sequence and how proteins attain their final structure (Hartl & Hayer-Hartl, 2009;
Cabrita et al., 2010; Hingorani & Gierasch, 2014). Importantly, in the recent years many
investigations have focused on cotranslational protein folding at the ribosome and on the
supportive role of molecular chaperones in the folding process in vivo (Kim et al., 2013). The
so-called macromolecular crowding in a cellular environment has also been taken into
account in diverse studies (Gershenson & Gierasch, 2011; Hingorani & Gierasch, 2014).
About 25 years ago, the theory of energy landscapes of protein folding evolved based on the
concept of minimizing free energy. Accordingly, proteins fold along a funnel-like energy
landscape. Due to their aqueous environment, unfolded proteins collapse to bury
hydrophobic residues with some native contacts correctly made, representing metastable
folding intermediates or molten globules. At the bottom of the funnel the protein finally
reaches a state where both free energy and entropy are at their minima corresponding to the
native structure of the protein (Bryngelson et al., 1995; Wolynes et al., 1995; Onuchic et al.,
1996; Onuchic et al., 1997). Most folding intermediates represent a large ensemble of nativelike but still partially unfolded structures, which renders them prone for undesired interactions
and aggregation. The protein has to cross this transition state or bottleneck region to obtain
its correct and final fold.
Smooth energy landscapes predicting an ideal folding scenario for a protein are indeed rare
and even small single-domain proteins have recently been shown to populate partially folded
states (Teilum et al., 2002; Neuweiler et al., 2005; Brockwell & Radford, 2007). Theoretically,
a protein could adopt an enormous number of different conformations during folding, yet, in
vitro folding of small proteins is rather spontaneous and assumed to happen on a second or
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even subsecond timescale (Jackson, 1998; Kubelka et al., 2004). Nevertheless, as already
stated by Levinthal’s paradox, there must be a predetermined and directed folding pathway
for a protein as it would never adopt its native structure just by random scanning through all
possible structural options (Zwanzig et al., 1992; Karplus, 1997).
Remarkably, there exist intrinsically disordered proteins or protein regions that are
biologically active although they are not able to spontaneously fold into a stable structure.
Instead, the dynamics and flexibility of these proteins confers a broad interaction spectrum
and facilitates binding to many targets in signaling pathways or regulatory processes (Tompa
et al., 2015). Upon interaction with specific binding partners via small recognition elements,
however, the disordered regions are able to fold at least partially. Examples for such proteins
are the tumor suppressor p53 that possesses an intrinsically disordered domain (Wright &
Dyson, 2015), α-synuclein that is associated with Parkinson’s disease (Drescher et al., 2012)
and the Aβ peptide that is linked to Alzheimers’s disease (Cuchillo & Michel, 2012).

2.3.2 Protein folding in vivo
As already mentioned, protein folding experiments performed in vitro do not entirely
represent physiologically relevant folding scenarios in vivo. In the highly crowded milieu of a
cell a concentration of up to 400 mg/ml of protein and other macromolecules is possible
(Zimmerman & Trach, 1991). Under such conditions more compact forms of proteins as well
as macromolecular associations are preferred and stabilized in contrast to larger and less
ordered structures, which is a consequence of the excluded volume effect (Minton, 1980;
Minton, 2001; Minton, 2005). The excluded volume is the volume of a molecule, which a
second molecule cannot enter. In a cell numerous transient and weak protein-protein
interactions occur, described as quinary structure, which can also influence a protein’s
folding stability and kinetics (Wirth & Gruebele, 2013).
Another important aspect of de novo protein folding is that ribosomes synthesize proteins in
a vectorial fashion from the amino to the carboxy terminus. Protein folding can start
cotranslationally but the entire sequence information of a protein is not available outside the
ribosome until translation is terminated. As a consequence, incomplete nascent chains
cannot fold into their final stable conformations. This increases the risk of unwanted
interactions between exposed hydrophobic residues of a growing polypeptide with itself or
with other macromolecules. Moreover, translation is a rather inhomogeneous process and
synthesis rates (15-60 seconds for a 300 amino acid protein) are relatively slow compared to
protein folding that occurs on the microsecond timescale for small proteins (Varenne et al.,
1984; Kubelka et al., 2004; Wegrzyn & Deuerling, 2005; Hartl & Hayer-Hartl, 2009; Ingolia et
al., 2011). Additionally, folding of larger proteins can take longer and hence incomplete
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nascent polypeptides are exposed for prolonged time periods what renders them more
vulnerable to misfolding and aggregation. Therefore, protein synthesis and folding at
ribosomes has to be tightly coordinated with translation kinetics. In order to avoid premature
folding events and off-pathway reactions cells are equipped with quality control systems such
as molecular chaperones that interact cotranslationally with newly synthesized polypeptides
(Hartl et al., 2011; Preissler & Deuerling, 2012; Gloge et al., 2014).

2.3.3 Concepts for de novo protein folding
In contrast to in vitro protein refolding de novo protein folding in the cell is assumed to be
more efficient (Ellis, 1996; Naylor & Hartl, 2001). Accordingly, without a biological context the
process of protein folding cannot be understood entirely. In the 1960’s it was proposed for
the first time that folding of some proteins occurs cotranslationally, e.g. during their
biosynthesis (Cowie et al., 1961; Kiho & Rich, 1964). Moreover, it is rather beneficial for
growing polypeptides to fold, as increasing length of an unfolded nascent chain would
correlate with an unfavorable increase in conformational space and energy (Fedorov &
Baldwin, 1997; Baldwin, 1999).
By now, several lines of evidence support the concept of cotranslational protein folding.
Diverse elaborated experimental approaches such as measurement of the enzymatic or
immunological activity of ribosome-tethered nascent chains, analysis of correct formation of
disulfide bonds, ligand binding or limited proteolysis confirmed nascent chain compaction at
the ribosome (Hamlin & Zabin, 1972; Bergman & Kuehl, 1979; Makeyev et al., 1996; Komar
et al., 1997; Frydman et al., 1999; Kleizen et al., 2005; Komar, 2009). Very early folding
events, such as α-helix formation, that occur inside the ribosomal tunnel could be
experimentally demonstrated via FRET techniques and cysteine PEGylation (Woolhead et
al., 2004; Lu & Deutsch, 2005b). However, it became clear that due to the ribosome’s
dimensions major compaction and adoption of native-like structures could only occur outside
the tunnel. Importantly, comparing the activity of refolded versus cotranslationally folded
proteins revealed that the latter process is faster and more effective (Fedorov & Baldwin,
1999; Kolb et al., 2000; Katranidis et al., 2009; Ugrinov & Clark, 2010). Also, the discontinuity
of translation (Pedersen, 1984; Varenne et al., 1984; Ingolia et al., 2011) could allow finetuning of cotranslational folding and downstream events such as membrane targeting or
processing (Komar et al., 1999; Tsai et al., 2008; Zhang et al., 2009; O'Brien et al., 2014).
There are three possible concepts for folding of newly synthesized proteins (Figure 4). First,
acquisition of the secondary and tertiary structure might start as soon as the respective
sequence information emerges from the ribosome. In this case, a native-like structure can be
attained with or without population of folding intermediates. Second, for larger and more
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complex multidomain proteins folding was shown to occur domain-wise (Frydman et al.,
1999; Kleizen et al., 2005). Productive folding is delayed until a complete domain has been
synthesized and is available outside the ribosome. This in turn would minimize formation of
intermediates and unproductive contacts between neighboring domains (Borgia et al., 2011).
In addition, local attenuation of translation by clusters of rare codons between structural
elements of a protein has been suggested to allow hierarchical folding of different domains
(Komar, 2009; Zhang et al., 2009; Novoa & Ribas de Pouplana, 2012). Long-range contacts
between distal residues in the primary amino acid sequence such as compaction of C- and
N-terminus would then occur later in translation or even after release of the protein from the
ribosome (Krishna & Englander, 2005). Indeed, in many single domain proteins far-end
contacts are established and a recent study could show that the small SH3 domain folds
cotranslationally in a two-state manner without populating folding intermediates as soon as
the entire sequence has emerged from the ribosome (Eichmann et al., 2010).
Third, posttranslational folding is the predominant folding pathway in bacteria (Netzer & Hartl,
1997) and occurs mostly for small proteins, however, has also been described, at least in
part, for multidomain proteins. The low-density lipoprotein receptor, for example, starts to fold
cotranslationally, but non-native disulfide bonds that stabilize folding intermediates are
posttranslationally isomerized into their correct orientation (Jansens et al., 2002; Zhang &
Ignatova, 2010). Also, folding of the multidomain cystic fibrosis transmembrane regulator
(CFTR), includes cotranslational folding steps of cytosolic domains, whereas contacts
between

domains,

that

are

crucial

for

its

biological

function,

are

established

posttranslationally (Kim & Skach, 2012).
The underlying mechanisms and the number of proteins that undergo cotranslational folding
still remain elusive. Structure acquisition during protein biosynthesis can be considered as a
beneficial route for biogenesis of different kinds of pro- and eukaryotic proteins. In the past
few years, several studies provided more insights into the dynamics and structures of
nascent chains using nuclear magnetic resonance (NMR) spectroscopy of artificially arrested
polypeptides in vitro and in vivo (Evans et al., 2005; Hsu et al., 2007; Rutkowska et al., 2008;
Hsu et al., 2009; Cabrita et al., 2010; Eichmann et al., 2010). Here, selective labeling of
nascent chains is a prerequisite to distinguish them from ribosomal proteins.
In the present study, we established a new technique based on limited proteolysis coupled
with mass-spectrometric (MS) evaluation to investigate protein folding at ribosomes.
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Figure 4: Models for de novo protein folding. During the cotranslational folding process acquisition of
secondary and tertiary structures starts as soon as the sequence information emerges from the ribosome.
Domain-wise folding might occur for larger multidomain proteins, whereby productive structure formation is
delayed until a complete domain has been synthesized. Most small proteins stay unfolded during their synthesis
and fold posttranslationally upon their release from the ribosome. Adapted from (Bukau et al., 2000) and modified
from (Preissler, 2011).

2.4 Mechanisms to support protein folding in the cell
Normally, under physiological conditions, unfolded proteins collapse into more compact but
not yet native structures. Such folding intermediates possess a great tendency for
unproductive interactions, misfolding and aggregation in the crowded cellular environment.
Even natively folded proteins are only marginally stable and show some degree of
conformational flexibility, which is in accordance with their biological function including ligand
binding, catalytic activity or protein-protein interactions (Jahn & Radford, 2008; Richter et al.,
2010). Thus, it is of particular importance to protect proteins from misfolding especially under
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conditions of cellular stress. Folding helper enzymes and molecular chaperones optimize the
folding efficiency of a multitude of non-native proteins and assist protein folding without being
incorporated into the native protein (Hartl & Hayer-Hartl, 2009).
Folding helper enzymes catalyze slow steps in protein folding and minimize the accumulation
of intermediates. Their functions include the formation and restructuring of covalent bonds
and folding catalysts thus constitute an additional level of control to generate biologically
active proteins (Schiene & Fischer, 2000). Two foldases exist, the protein disulfide isomerase
(PDI) and the peptidyl-prolyl cis-trans isomerase (PPI). The multifunctional and highly
abundant PDIs assist the formation of correct disulfide bridges, which are covalent
interactions between two cysteine residues supporting structural stability. In the ER disulfide
bonds are crucial for folding of many proteins entering the secretory pathway (Oka & Bulleid,
2013).
PPIs are also important folding enzymes especially for proteins containing proline residues.
Ribosomes incorporate prolines into nascent chains in the trans conformation and without
the assistance of PPIs the isomerization to a cis propyl peptide bond would be a slow and
rate-limiting process for folding (Braakman & Hebert, 2013).
In contrast to folding helper enzymes, the molecular chaperone network acts with little
specificity on a multitude of different non-native proteins. Besides folding it is involved in
many cellular processes such as protein unfolding and disaggregation as well as protein
transport, complex assembly and targeting of misfolded proteins to the proteasome system
(Hartl & Hayer-Hartl, 2009; Kim et al., 2013). Chaperones occur ubiquitously and interact
transiently with clients in a stoichiometric ratio to assist their folding and assembly into their
correct native structure (Hartl, 1996; Hartl & Hayer-Hartl, 2009; Kim et al., 2013).

2.4.1 The concept of molecular chaperones
Most molecular chaperones are heat shock proteins (Hsps). They are upregulated on the
transcriptional level by increased temperature or other stress conditions that result in protein
destabilization and misfolding (Richter et al., 2010; Saibil, 2013). The heat shock response
has been observed in pro- and eukaryotes and is considered to be a universal strategy to
rapidly fight the damaging effects of cellular stress. According to their molecular weight,
molecular chaperones are classified into broadly conserved families: Hsp100s, Hsp90s,
Hsp70s, Hsp60s (chaperonins), Hsp40s and small heat shock proteins (sHsps). Several
Hsps are constantly needed during folding of newly synthesized proteins, unfolding or
refolding of misfolded polypeptides even under physiological conditions. There also exist
constitutively expressed versions for Hsp70s and Hsp90s (Hscs), whereas sHsps are often
only upregulated upon stress (Richter et al., 2010).
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Chaperones often recognize specific peptide sequences, structural details or segments of
hydrophobic amino acids that are surface-exposed in unfolded proteins (Richter et al., 2010;
Kim et al., 2013). This guarantees the general interaction of molecular chaperones with a
broad range of non-native substrates. All chaperones have the propensity to prevent
aggregation. ATP-independent chaperones such as sHsps constitute the first line of defense.
They act as “holdases” that stabilize proteins in a non-aggregated form until they are
transferred to degradation machineries or until “foldases” are available (Richter et al., 2010;
Kim et al., 2013; Haslbeck & Vierling, 2015). The foldases Hsp60s, Hsp70s and Hsp90s
stimulate folding and minimize undesired interactions in an ATP-dependent manner through
controlled cycles of client binding and release. ATP binding and hydrolysis alters the affinity
of the chaperone towards its substrate, which is accompanied by structural rearrangements.
Accordingly, these Hsps have to be dynamic in their conformation to perform their functions
(Mayer, 2010). The precise role of how protein binding and release assists protein folding
remains unclear. The Hsp100 class of chaperones constitutes disaggregases that use ATP
hydrolysis to unfold misfolded proteins by threading them through a central pore to allow their
refolding (Mayer, 2010; Richter et al., 2010).
Interestingly, different chaperone classes are assumed to cooperate to dissolve protein
aggregates. The activity of Hsp70s, for example, is influenced by their Hsp40 cochaperones
(Mayer, 2013). In bacteria, fungi and plants Hsp100s and the Hsp70/Hsp40 system form a
powerful bi-chaperone system that efficiently solubilizes and reactivates many aggregated
substrates under severe stress conditions (Winkler et al., 2012; Mogk et al., 2015). In this
disaggregation process, also small heat shock proteins are reported to team up with Hsp70s
and Hsp100s (Richter et al., 2010). Moreover, a synergistic cooperation between complexed
Hsp40s has been discovered recently that promotes protein disaggregation activity in Hsp70
systems of human cells and nematodes (Nillegoda et al., 2015).
Importantly, additional chaperone systems exist in pro- and eukaryotes that directly bind to
ribosomes to assist folding of newly synthesized proteins (Wegrzyn & Deuerling, 2005;
Preissler & Deuerling, 2012).

2.4.2 The Hsp70/Hsp40 chaperone system
Hsp70s are essential proteins and constitute the most versatile class of chaperones in the
cell. They contribute to a broad range of cellular processes such as protein biogenesis,
disassembly of protein aggregates, protection of the proteome during stress conditions as
well as protein transport across membranes, protein-protein interactions and protein
degradation (Mayer, 2010; Kim et al., 2013; Clerico et al., 2015). Across species, Hsp70s
possess a high sequence identity and share a similar overall structural organization. The
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N-terminus forms the nucleotide-binding domain (NBD; 43 kDa), which is connected via a
conserved and flexible linker to the C-terminal substrate-binding domain (SBD; 27 kDa).
Small hydrophobic segments of client proteins bind to a cleft in the SBD that is covered by a
lid (Rüdiger et al., 1997; Kampinga & Craig, 2010; Mayer, 2013). Hence, Hsp70s can interact
locally with a variety of substrates of all sizes. Additionally, Hsp70s share a common
biochemical activity: an ATP-dependent substrate binding and release cycle, which is
regulated by diverse Hsp40 cochaperones, called J-proteins, and also includes nucleotide
exchange factors (NEFs) (Figure 5) (Kampinga & Craig, 2010). Client interaction strongly
depends on the nucleotide state of the NBD. ATP binding results in a reduced substrate
affinity and a rapid association and dissociation rate. ATP hydrolysis initiates a
conformational change in the SBD that closes the lid and the substrate interaction is
stabilized (Zhu et al., 1996; Mayer et al., 2000; Vogel et al., 2006a; Vogel et al., 2006b).
Consequently, on and off rates are slow for client proteins in the ADP-bound state
(Slepenkov & Witt, 2002; Moro et al., 2004; Mayer, 2013). Basal ATP hydrolysis reactions
are in general rate-limiting and nucleotide binding is very stable. Therefore, the Hsp70 cycle
on the one hand requires cofactors such as J-domain proteins (Hsp40 cochaperones) that
recruit clients and stimulate the ATPase activity of Hsp70s (Karzai & McMacken, 1996;
Misselwitz et al., 1998; Laufen et al., 1999). On the other hand, NEFs trigger the substitution
of ADP with ATP to release the substrate and to reset the chaperone cycle (Dragovic et al.,
2006; Raviol et al., 2006).
The 70 residues long J-domain of Hsp40s that specifically interacts with Hsp70s is
composed of four α-helices and contains a highly conserved His, Pro, Asp tripeptide (HPDmotif) needed for stimulation of the ATPase activity (Szyperski et al., 1994; Wall et al., 1994;
Pellecchia et al., 1996; Qian et al., 1996; Tsai & Douglas, 1996; Greene et al., 1998).
Although some J-proteins possess their own substrate-binding domain, their main function is
to bring substrate and Hsp70 in close proximity. Hence, Hsp40s either recruit their partner
chaperone to the site of action or deliver the substrate to the Hsp70 (Clerico et al., 2015).
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Figure 5: The Hsp70 chaperone cycle. Hsp40 cochaperones (J-domain proteins) bind unfolded proteins (1) and
transfer them to the substrate-binding domain (SBD) of Hsp70 chaperones (2). Upon ATP hydrolysis that is
stimulated by Hsp40s, the lid of the SBD closes leading to increased substrate affinity of the Hsp70 (3).
Nucleotide exchange factors (NEF) (4) mediate the release of ADP and subsequent rebinding of ATP in the
nucleotide-binding domain (NBD) (5). This step is accompanied by a conformational change in the SBD, which
decreases the substrate affinity and allows the release of the polypeptide (6). Proteins that are not able to fold in
their correct native structure upon release from the Hsp70s can reenter the chaperone cycle (dashed line) until
productive folding occurs. Adapted from (Kampinga & Craig, 2010) and modified from (Preissler, 2011).

2.4.3 Ribosome-associated chaperone systems in pro- and eukaryotes
Besides the cytosolic Hsp70/40 system, Hsp60 chaperonins and Hsp90s that all participate
in de novo protein folding, a second group of chaperones exists that specifically bind to
ribosomes and interact with newly synthesized polypeptides (Preissler & Deuerling, 2012).
Ribosome-associated chaperones are thought to shield hydrophobic segments or decelerate
structure acquisition in order to support initial folding processes (Kim et al., 2013). Across all
species, different types of chaperone systems bound to ribosomes have evolved that are not
related to each other (Figure 6). In bacterial cells, trigger factor (TF) is the first chaperone to
interact with emerging polypeptides, whereas the chaperone network on yeast ribosomes is
more complex. It consists on the one hand of the conserved heterodimeric nascent chainassociated complex (NAC) and on the other hand of the ribosome-associated complex
(RAC) that is stably formed by the Hsp70 chaperone Ssz and the Hsp40 cochaperone Zuotin
(Zuo). RAC forms a functional chaperone triad together with Ssb, another Hsp70 that is
specifically found in yeast (Nelson et al., 1992; Huang et al., 2005; Conz et al., 2007;
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Preissler & Deuerling, 2012). Mammalian ribosomes bind the Ssz homolog Hsp70L1 and a
Zuo-like protein called MPP11 that together constitute mammalian RAC (mRAC) (Otto et al.,
2005; Jaiswal et al., 2011). All ribosome-associated chaperones bind close to the ribosomal
exit tunnel and interact with nascent polypeptides.

Figure 6: Ribosome-associated chaperone systems. A) Trigger factor (magenta) is the only ribosome-bound
chaperone in bacterial cells. With its cradle-like structure it bends over the ribosomal exit tunnel and interacts with
nascent chains (orange). B) The ribosomal chaperone system in Saccharomyces cerevisiae consists of Ssz (dark
blue) and the subunit-bridging Zuo (light blue), which form a stable complex called RAC and act as a
cochaperone for Ssb (green). NAC is highly conserved and consists of an α-subunit (red) that contains a UBA
(ubiquitin-associated) domain and a β-subunit (yellow) that mediates ribosome-binding. Ssb and NAC interact
with emerging newly synthesized polypeptides (orange). Modified from (Preissler & Deuerling, 2012).

2.4.4 The bacterial trigger factor
Trigger factor (TF) is the sole ribosome-associated chaperone in bacteria and binds to uL23
of the large ribosomal subunit in a 1:1 stoichiometry (Lill et al., 1988). It constitutes the first
chaperone encountered by polypeptides emerging from the ribosomal exit tunnel (Figure 6A)
(Valent et al., 1995; Hesterkamp et al., 1996; Kramer et al., 2002). So far, TF is the bestcharacterized ribosome-bound chaperone and its function in de novo protein folding has
been studied extensively for many years. It has a size of 48 kDa and possesses three
domains: the ribosome-binding domain at the N-terminus, a peptidyl-prolyl cis-trans
isomerase (PPI) domain and a C-terminal domain (Hesterkamp & Bukau, 1996; Stoller et al.,
1996; Hesterkamp et al., 1997). TF adopts a unique crouching dragon-like three-dimensional
structure with the N-terminus forming the “tail”, the PPI domain as “head” and C-terminal
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“arms” located in the center of the protein (Ferbitz et al., 2004; Merz et al., 2008). A
conserved motif within an N-terminal loop region (FRK for E. coli) mediates the docking of TF
to the ribosomal protein uL23 via residue E18 close to the exit pore. Ribosome binding is
necessary for in vivo function of TF (Kramer et al., 2002). Although the PPI activity was
confirmed by in vitro experiments (Hesterkamp & Bukau, 1996; Hesterkamp et al., 1996;
Stoller et al., 1996), it is dispensable for protein folding in vivo (Kramer et al., 2004). A
proposed function for the PPI domain is to prolong the time, which TF is associated with
nascent chains (Gupta et al., 2010).
Its extended conformation allows TF to hunch over the ribosomal tunnel exit to form a bent
cavity facing the ribosome surface. The elongated cavity mainly contains hydrophobic but
also charged side chains facilitating the interaction with a broad substrate spectrum over a
fairly long distance. Indeed, TF interacts with nearly all nascent chains and prefers to bind
small segments enriched in basic and aromatic residues (Valent et al., 1995; Patzelt et al.,
2001; Oh et al., 2011).
The cradle-like structure of TF prevents nascent chains from premature structure acquisition
or degradation and facilitates local interactions within polypeptides to promote initial folding
steps that also involve additional chaperones (Hoffmann et al., 2006; Tomic et al., 2006). Its
crystal structure suggests that TF can accommodate polypeptides of approximately 130
amino acids (Ferbitz et al., 2004). Therefore, protein domains or even small proteins would
be able to fold in the protected environment provided by TF. In contrast, TF has also been
shown to delay folding or even unfold preformed structures to minimize misfolding events of
newly synthesized proteins (Agashe et al., 2004; Kaiser et al., 2006; Hoffmann et al., 2012;
O'Brien et al., 2012; Mashaghi et al., 2013). The interaction of TF with nascent chains is
transient but can still persist upon dissociation of TF from the ribosome (Hoffmann et al.,
2006; Kaiser et al., 2006; Rutkowska et al., 2008; Lakshmipathy et al., 2010). This would
allow more than one TF molecule to be engaged during translation of especially long
unfolded polypeptides.
A very recent NMR study on purified TF molecules demonstrated that TF itself uses four
different hydrophobic sites within its cavity to interact with hydrophobic stretches of unfolded
substrates. Moreover, the binding sites are highly flexible and located close to polar residues
explaining the broad spectrum of nascent chains interacting with TF (Saio et al., 2014). The
highly dynamic and multivalent binding of several TF molecules keeps a substrate in an
extended conformation enabling either proper folding as soon as it has been fully
synthesized or unfolding of misfolded chains (Kaiser et al., 2006; Saio et al., 2014).
Ribosome profiling analysis on TF revealed new insights into its cotranslational function. The
data indicate that the chaperone does not interact with nascent chains before the first 100
amino acids have been synthesized (Oh et al., 2011). This is in contradiction to in vitro
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crosslinking results (Merz et al., 2006) and suggests that additional time is needed in vivo to
allow factors such as processing enzymes or SRP to access the emerging polypeptides. The
same study also found that E. coli TF interacts strongly with nascent outer membrane
β-barrel proteins (Omps) (Oh et al., 2011), which correlates with very early findings
suggesting an involvement of TF in chaperoning proOmpA for correct transport and
membrane insertion (Crooke & Wickner, 1987).
The intrinsic affinity of TF for ribosomes is increased in the presence of nascent chains
(Patzelt et al., 2002; Maier et al., 2003; Raine et al., 2006; Rutkowska et al., 2008), whereas
compact protein folding that buries hydrophobic residues might trigger TF dissociation
(Kaiser et al., 2006). Signal sequences or α-helical structures formed within the vestibule of
the ribosomal exit tunnel are assumed to reduce TF recruitment (Lin et al., 2012).
Besides its function as holdase and unfoldase, in vitro studies also proposed a foldase
activity for TF as it was able to stimulate refolding of a denatured protein (Huang et al., 2002;
Merz et al., 2006). However, it is not clear whether this function is also displayed for nascent
polypeptides.
Deletion of the TF encoding gene does not affect the viability of E. coli cells (Deuerling et al.,
1999). However, the additional loss of the cytosolic Hsp70 chaperone DnaK leads to severe
protein aggregation and synthetic lethality at temperatures above 30°C. As overexpression of
the Hsp60 system GroEL/ES or SecB complements this phenotype (Deuerling et al., 1999;
Genevaux et al., 2004; Ullers et al., 2004; Vorderwülbecke et al., 2004), the absence of TF
obviously can be compensated by other chaperone systems. Accordingly, after interaction
with TF the fully synthesized and released proteins either fold, supported by foldases such as
DnaK and GroEL, or enter the posttranslational secretory pathway (Preissler & Deuerling,
2012). In the non-ribosome-bound state TF can form homodimers implied in oligomer
assembly and ribosome biogenesis (Patzelt et al., 2002; Martinez-Hackert & Hendrickson,
2009).

2.4.5 The eukaryotic nascent polypeptide-associated complex (NAC)
NAC is broadly conserved in Archaea and among eukaryotes and constitutes the first factor
at the ribosome that interacts with newly synthesized polypeptides (Wiedmann et al., 1994;
Preissler & Deuerling, 2012). Initially, NAC was reported to associate with nascent chains to
guarantee their correct targeting to the ER membrane (Wiedmann et al., 1994; Lauring et al.,
1995; Powers & Walter, 1996; Wiedmann & Prehn, 1999). In Archaea, NAC consists of two
α-subunits that form a homodimer (Macario & Conway De Macario, 2001), whereas
eukaryotic NAC consists of one α- and one β-subunit (α- and β-NAC, Figure 6B) (Reimann et
al., 1999; Beatrix et al., 2000). In contrast to higher eukaryotes, in yeast two alternative
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β-NAC versions exist, namely Edg1 (22 kDa; enhancer of GAL4 DNA binding or β-NAC) and
the less expressed Btt1 (BTf Three or β’-NAC) that are both able to form a heterodimeric
complex with Edg2 (33 kDa; α-NAC) and to bind to ribosomes (Reimann et al., 1999;
Ghaemmaghami et al., 2003). Homodimeric NAC has also been described (Panasenko et
al., 2006; del Alamo et al., 2011). Both subunits share homologies in their central regions,
the so-called NAC domains (Figure 7A). They adopt β-barrel-like structures and are
assumed to mediate NAC dimerization (Spreter et al., 2005; Liu et al., 2010b; Wang et al.,
2010). The α-NAC subunit contains an additional ubiquitin-associated (UBA) domain with
unknown function at its C-terminus (Figure 7A). Both NAC subunits can bind nascent
polypeptides, whereas only the β subunit binds to the ribosome (Wiedmann et al., 1994;
Reimann et al., 1999; Beatrix et al., 2000). Furthermore, NAC quantitatively associates with
ribosomes in a 1:1 ratio regardless of the presence of nascent chains (Raue et al., 2007).
Across species, a conserved and positively charged motif in the N-terminus of β-NAC
(RRK-(X)n-KK) has been shown to mediate ribosome binding (Figure 7A) (Wegrzyn et al.,
2006). Importantly, anchoring of NAC to the ribosome is necessary for interaction with a
nascent chain as crosslinking is abolished upon mutation of the RRK motif (Wegrzyn et al.,
2006). Despite available crystal structures of the NAC domain, the structure of the region
binding to ribosomes is still unknown. However, several crosslinking studies proposed
proteins close to the ribosomal exit tunnel, such as uL23 and eL31 (Rpl25 and Rpl31), as
docking sites for NAC (Wegrzyn et al., 2006; Pech et al., 2010; Zhang et al., 2012).
Interestingly, heterologously expressed NAC could associate with bacterial ribosomes via
uL23, where also TF binds to, and in turn also TF was able to interact with yeast uL23
(Rpl25) in vitro and in vivo (Rauch et al., 2005). This points to a conserved ribosome-binding
site for NAC and TF as well as SRP and the Sec translocon to be positioned next to
emerging nascent polypeptides (Beckmann et al., 2001; Pool et al., 2002; Wegrzyn et al.,
2006).
The lack of individual NAC subunits or the entire complex results in no obvious phenotype
under normal growth conditions in yeast. However, a growth defect and increased
aggregation of newly synthesized proteins could be observed in cells lacking both the
ribosome-associated chaperone Ssb and NAC pointing to a functional connection of these
factors (Koplin et al., 2010). Moreover, a chaperone-like function of NAC in de novo protein
folding has been suggested, since it binds to ribosomes, associates with very short nascent
chains and protects them from proteolytic attack (Wang et al., 1995; Bukau et al., 2000; Hartl
& Hayer-Hartl, 2002; Wegrzyn & Deuerling, 2005; Raue et al., 2007).
An approach that analyzed mRNAs translated by ribosome-NAC complexes in yeast
identified the cotranslational interactome of NAC (del Alamo et al., 2011). It demonstrated
that the three subunits interact with almost all mRNAs, each subunit possessing specificity
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for a distinct subset of translated mRNAs. Moreover, the substrate pool of NAC and SRP
overlapped to some extent for secretory proteins suggesting a functional interplay between
these factors (del Alamo et al., 2011). The substrate binding site and the precise role of NAC
in cotranslational folding still remain elusive.
Further, NAC has been proposed to be mono-ubiquitinated by the E3 ligase Not4
contributing to NAC stability and to its ribosome association (Panasenko et al., 2006;
Panasenko et al., 2009).

Figure 7: Ribosome-associated factors in yeast. A) The nascent chain-associated complex (NAC) consists of
α-NAC (encoded by EGD2, red) and β-NAC (yellow). Both subunits contain a central NAC domain and α-NAC
possesses an additional C-terminal UBA (ubiquitin-associated) domain. The two alternative β-subunits
[β (encoded by EGD1) and β’ (encoded by BTT1)] bind to the ribosome via a conserved motif in the N-terminus
(23-RRKLNKK-31). B) The chaperone triad is formed by Ssb1/2 (green), Ssz1 (dark blue) and Zuo1 (light blue).
Ssb1/2 and Ssz1 are members of the Hsp70 chaperone family and possess an N-terminal nucleotide-binding
domain (NBD) and a substrate-binding domain in the C-terminus. Zuo1 is a Hsp40 cochaperone with a typical Jdomain required to stimulate the ATPase activity of Ssb1/2. The N-terminus (N) is unstructured and the charged
region (CR) might be involved in ribosome binding. Ssz and Zuo1 form the stable ribosome-associated complex
(RAC). Adapted from (Preissler & Deuerling, 2012).

In contrast to yeast cells, mutation of NAC causes embryonic lethality in nematodes
(C. elegans) (Bloss et al., 2003), fruit flies (D. melanogaster) (Markesich et al., 2000) and
mice (Deng & Behringer, 1995) implying that the NAC complex plays a crucial role in higher
eukaryotes. Accordingly, studies performed in C. elegans revealed a role of NAC in
regulation of cellular protein homeostasis. During acute and chronic stress, NAC is
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sequestered from ribosomes to insoluble protein aggregates accompanied by a decline in
translational activity (Kirstein-Miles et al., 2013). Furthermore, NAC could prevent poly(Q)
aggregation and contributed to resolubilization of heat-induced aggregates. An early in vitro
study proposed that NAC might prevent the inappropriate interaction of SRP with signal
sequence-less nascent proteins (Wiedmann et al., 1994). Indeed, very recent data
demonstrate that NAC suppresses incorrect cotranslational targeting of proteins to the ER
membrane by blocking the SRP-independent binding of ribosomes to ER translocons in
C. elegans (Gamerdinger et al., 2015). Importantly, specific SRP-mediated targeting of
ribosomes to the ER membrane was not affected, which emphasizes the important
antagonistic role of NAC in regulation of cotranslational protein transport. Finally, NAC is
suggested to be involved in the autophagy pathway in metazoans (Guo et al., 2014).

2.4.6 The ribosome-associated Hsp70/Hsp40 system in yeast
In addition to NAC, yeast ribosomes associate with an Hsp70/Hsp40 chaperone system that
consists of Ssb (Stress-Seventy subfamily B, Hsp70), Ssz (Hsp70) and Zuotin (Zuo, Hsp40)
(Figures 6B and 7B). Ssb binds directly to ribosomes and its ATPase activity is stimulated by
Ssz and Zuo that constitute together the ribosome-associated complex (RAC) (Gautschi et
al., 2001; Gautschi et al., 2002; Huang et al., 2005). Hence, Ssb and RAC form a functional
chaperone triad at the ribosome, yet, only Ssb is assumed to contact nascent chains (Conz
et al., 2007). Zuo interacts stably with Ssz, mediates ribosome binding of RAC and interacts
with Ssb via its J-domain (Figure 7B) (Yan et al., 1998).
There is strong evidence that Ssb and RAC form a functional unity. Yeast cells missing either
one component of the triad or all of them exhibit comparable phenotypes, such as sensitivity
to high salt concentrations, translation inhibitory agents or low temperature (Nelson et al.,
1992; Yan et al., 1998; Gautschi et al., 2001; Rakwalska & Rospert, 2004). Moreover, the
absence of Ssb and Zuo causes hypersensitivity to a wide range of cations (Kim & Craig,
2005).
Ssb is unique to yeast and encoded by two genes (SSB1 and SSB2). The resulting proteins
Ssb1 and Ssb2 (hereafter collectively referred to as Ssb) differ only in four amino acids. The
structure of Ssb is typical for Hsp70 family members: the N-terminal nucleotide-binding
domain (NBD) is connected via a linker to the substrate-binding domain (SBD) at the
C-terminus that also contains a nuclear export sequence (NES) (Shulga et al., 1999). Ssb
binds to ribosomes in a 1:1 stoichiometry and as it can be crosslinked to short nascent
chains it is assumed to be located close to the exit site independent of RAC (Pfund et al.,
1998; Hundley et al., 2002; Gautschi et al., 2003). However, the exact interaction site
between Ssb and the ribosome has not been identified so far.
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The loss of Ssb results in aggregation of newly synthesized and ribosomal proteins as well
as ribosome biogenesis factors. These effects are accompanied by a deficiency in ribosome
biogenesis and impaired translation. The additional loss of NAC aggravated these defects. In
particular, ribosomal proteins are aggregation-prone and thus might be substrates of Ssb,
suggesting a function of Ssb and NAC in de novo protein folding and ribosome biogenesis
(Albanèse et al., 2010; Koplin et al., 2010).
More insight into the substrate specificity of Ssb could be obtained by sequencing mRNAs
that are translated by Ssb-bound ribosomes (Willmund et al., 2013). The data demonstrated
that Ssb associates with a large part of newly translated polypeptides that are mainly
destined to function in the cytosol or nucleus. Ssb is assumed to protect longer and
aggregation-prone proteins, which are challenged in cotranslational folding. Furthermore, this
substrate-specificity is regulated by RAC.
Hydrogen-deuterium exchange analysis showed that Zuo contacts the SBD and NBD of Ssz
via its N-terminal end to form a stable complex atypical for Hsp40 and Hsp70 family
members (Fiaux et al., 2010). Its J-domain stimulates the ATPase function of Ssb, which
depends on the interaction with Ssz (Gautschi et al., 2002; Huang et al., 2005). A charged
region mediates the binding of RAC to the ribosomal exit site close to eL31 (Rpl31) (Peisker
et al., 2010). RAC itself does not interact with nascent chains, but is needed for Ssb to
properly bind to its substrates.
Although Ssz belongs to the Hsp70 family, it possesses some unusual properties. Neither
ATP binding nor hydrolysis is required as mutations in the ATP-binding cleft did not affect its
in vivo function (Huang et al., 2005). Moreover, the substrate-binding domain of Ssz is
shorter than in other Hsp70s and also dispensable for its functionality (Hundley et al., 2002).
The exact function of Ssz is still unclear but it might regulate conformational rearrangements
in the J-domain of Zuo (Fiaux et al., 2010). Another possibility is that Ssz acts as a holdase
to guide emerging nascent chains towards Ssb corrsponding to the function of TF (Leidig et
al., 2013).
Recently, small-angle X-ray scattering (SAXS) and cryo-EM analysis on RAC of
Saccharomyces cerevisiae and the thermophilic fungus Chaetomium thermophilum provided
more insight into its structure and binding mechanism to ribosomes (Leidig et al., 2013). RAC
possesses an elongated shape of about 180 Å that contacts uL22 and eL31 (Rpl22 and
Rpl31) at the ribosomal exit pore via a unique α-helical domain of Zuo. The complex that can
be subdivided into the “head” and “neck” region comprised of Zuo as well as the “body”
formed by Ssz, crouches over the exit site. Its conformation seems to be stabilized and
controlled by expansion segment ES27. On the basis of the crystal structure of the ATPbinding domain and in accordance with previous studies one can now explain the catalytic
inactivity of Ssz: three residues are missing that are critical for ATP hydrolysis of active
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Hsp70s, however, the conserved environment still allows efficient ATP binding (Gautschi et
al., 2001; Huang et al., 2005; Leidig et al., 2013).
Another cryo-EM study on yeast RAC in complex with the ribosome further improved the
mechanistic understanding of how RAC regulates protein synthesis (Zhang et al., 2014). The
data confirmed the expanded structure of RAC and showed that Zuo contacts the ribosomal
surface with its two ends at eL31 (Rpl31) close to the exit site and ES21 of the 40S subunit.
Based on the characterization of different RAC conformations, a model could be established,
suggesting that RAC binding stabilizes the ribosome in a non-rotated state to allow the
regulation of the elongation speed of ribosomes (Huang et al., 2005).
Recently, the role of Ssb/RAC in cotranslational quality control of arrested polylysine proteins
that are produced from stop codon-less transcripts was investigated (Chiabudini et al., 2012).
The study showed that the chaperone triad contributes to translational repression to maintain
low levels of such aberrant proteins.
In contrast to Ssb, RAC is conserved in higher eukaryotes. The Ssz homolog Hsp70L and a
Zuo-related Hsp40 MPP11 form mammalian RAC (mRAC), which was reported to cooperate
with a cytosolic, non-ribosome-bound Hsp70 (Hundley et al., 2005; Otto et al., 2005; Jaiswal
et al., 2011). Obviously, different ways have evolved to guarantee the efficient support of
Hsp70s in protein biogenesis (Hundley et al., 2005; Jaiswal et al., 2011). Interestingly,
knockdown of human MPP11 caused similar phenotypes concerning growth and drug
sensitivity like those in yeast cells lacking Zuo (Jaiswal et al., 2011). Furthermore, Hsp70L
and MPP11 could partially compensate the loss of RAC in yeast independent of Ssb
(Hundley et al., 2005; Otto et al., 2005). These observations strongly point to a conserved
cotranslational function of RAC across species and the important role of ribosomeassociated chaperone systems to maintain cellular protein homeostasis.

2.5 Cotranslational quality control mechanisms
As mentioned in the previous chapters, ribosomes constitute a docking platform for different
machineries that facilitate synthesis, modification, targeting and folding of growing
polypeptides. It is also important to rapidly adapt protein synthesis to the actual needs of a
cell, for example, in stress situations.
Translation is a very error-prone process and incomplete proteins have a strong tendency to
misfold and aggregate. Potentially harmful proteins can also arise from translation of
aberrant messengers, which in the worst case results in ribosome stalling. Therefore, quality
control systems have evolved that monitor the translational status, rescue stalled ribosomes
and trigger degradation of defective mRNAs as well as of non-functional proteins. Indeed,
there is a strong correlation between translation and general mRNA degradation.
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In bacterial cells a simple, yet elaborate control mechanism called trans-translation mediates
non-stop mRNA decay and tags arrested proteins for degradation with the help of transfermessenger RNA (tmRNA) and the protein SmpB (Keiler et al., 1996; Karzai et al., 1999;
Janssen & Hayes, 2012). In contrast, eukaryotic cells possess a more complex quality
control system, in which a variety of interconnected factors are involved.

2.5.1 Correlations between translation and general mRNA degradation in yeast
In eukaryotic cells, translation is a highly regulated process and alterations in initiation or
elongations rates as well as mRNA turnover strongly influence gene expression, e.g. in
response to environmental stimuli. Furthermore, translational repression is coupled to and
seems to be a prerequisite for mRNA degradation. So-called mRNA surveillance
mechanisms control the levels of aberrant transcripts to minimize the production of nonfunctional proteins. Each decay mechanism acts in concert with many trans-acting factors
that promote mRNA degradation by endo- and exonucleases (Parker, 2012; Huch & Nissan,
2014).
In general, an mRNA molecule possesses a poly-adenosine [poly(A)] tail of about 60
nucleotides at its 3’ end and a 5’ methyl-7-guanosine cap structure, which are both crucial for
translation and mRNA degradation. Upon association of the cap binding complex eIF4F at
the 5’ cap that integrates both mRNA ends in a ring-like structure via interaction with the
poly(A)-binding protein Pap1, further initiation factors bind and translation can start (Gallie,
1991; Shatkin & Manley, 2000; Jackson et al., 2010).
Degradation of mRNAs usually starts with poly(A) tail shortening (deadenylation) from 90 to
approximately 60 residues mediated by the Pan2/3 complex (Lowell et al., 1992; Brown &
Sachs, 1998). The Ccr4-Not complex then resumes deadenylation and shortens the poly(A)
tail to 10 nucleotides (Tucker et al., 2001; Denis & Chen, 2003). Subsequently, the enzyme
complex Dcp1-Dcp2 removes the 5’ cap (decapping) to initiate degradation of the mRNA
body in 5‘ - 3’ direction by Xrn1, which applies for most cases, or by the exosome beginning
from the 3’ end (Parker, 2012; Huch & Nissan, 2014). Consequently, deadenylation is in
general the rate-limiting step in mRNA degradation processes.
External stress situations mostly cause a rapid reduction in translation initiation accompanied
by inhibition of deadenylation. This presumably avoids a rash degradation of unnecessary
transcripts and maintains a stable pool of mRNAs to facilitate a rapid return to translation
after stress adaptation or release (Hilgers et al., 2006). Inhibition of global translation
initiation might also favor the translation of specific mRNAs to support adaptation to the
stress situation (Simpson & Ashe, 2012). Alternatively, mRNAs accumulate without
ribosomes in a non-translating state in so-called processing bodies (P-bodies) for storage or
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degradation (Parker & Sheth, 2007). Recent studies, however, proposed that decapping and
mRNA decay in vivo occur cotranslationally as deadenylated, decapped and partially
degraded mRNAs were found to be associated with translating ribosomes (Hu et al., 2009;
Sweet et al., 2012).
The closed-loop messenger ribonucleoprotein (mRNP) antagonizes mRNA decay, as
translation initiation factor eIF4E normally competes with the Dcp1-Dcp2 decapping enzyme
and blocks the accessibility to the cap structure. Accordingly, reduced translation initiation
due to obstructive mRNA structures or mutations in initiation factors results in an increase in
mRNA deadenylation, decapping and degradation (Schwartz & Parker, 1999; Schwartz &
Parker, 2000; Vilela et al., 2000). This suggests that decapping is only possible upon an
active release of the initiation complex (Parker, 2012; Huch & Nissan, 2014).
Several trans-acting factors are known that actively repress translation and promote mRNA
decapping. Dhh1, for example, was found to be important for overall translational repression
in response to glucose withdrawal (Coller & Parker, 2005). Additionally, the absence of Dhh1
caused accumulation of certain reporter transcripts in a capped state and strongly increased
their half-lives (Coller et al., 2001; Fischer & Weis, 2002). Dhh1 and several other decapping
activators were also shown to interact with deadenylases and to be involved in their
recruitment (Hata et al., 1998; Coller et al., 2001; Fischer & Weis, 2002; Coller & Parker,
2005). Decapping activators likely stimulate mRNA degradation by displacing translation
initiation factors from the 5’ cap (Tharun & Parker, 2001; Nissan et al., 2010; Carroll et al.,
2011).

2.5.2 mRNA surveillance pathways in yeast
During protein synthesis several scenarios can cause premature translation termination or
undesired pauses and each of them is sensed by specific factors to rescue stalled ribosomes
and degrade erroneous mRNAs and proteins. These rescue mechanisms are referred to as
mRNA surveillance and three different decay pathways exist that subject mRNAs to
cotranslational quality control: nonsense-mediated decay (NMD), non-stop decay (NSD) and
no-go decay (NGD) (Figure 8).
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Figure 8: Quality control during ribosome stalling. A) Several mechanisms can cause ribosome stalling. Nogo decay (NGD, upper part), when ribosome stall due to inhibitory mRNA structures or peptide sequences within
an ORF, is distinguished from non-stop decay (NSD, lower part), when ribosomes run into the poly(A) tail of an
mRNA due to a missing termination codon. Translation of the poly(A) tail results in the production of polylysine
segments that cause ribosome stalling. In both cases an unknown endonuclease cleaves the mRNA upstream of
the stalling site. The alternative release factors Dom34 and Hbs1 split stalled ribosome complexes in cooperation
with the ATPase Rli1. B) The released mRNA is subjected to decapping by the decapping complex Dcp1-Dcp2
and to deadenylation by the Ccr4-Not complex. Finally, Ski7 recruits the exosome for 3’-5’ mRNA degradation,
whereas Xrn1 digests decapped mRNA beginning from the 5’ end. C) The ribosome quality control complex
(RQC) is recruited to the disassembled 60S ribosomal subunit. Ltn1 ubiquitinates arrested polypeptides that are
extracted from the ribosome possibly with the help of the AAA+ ATPase Cdc48 and they are targeted for
proteasomal degradation.

Transcripts harboring premature termination codons (PTCs) activate the NMD pathway.
PTCs can arise from incorrect transcription, mutations, recombination events or splicing
errors (Parker, 2012; Lykke-Andersen & Bennett, 2014). In case of premature translation
termination Upf and Smg proteins assemble on the defective mRNA and mediate its
degradation. How these NMD factors recognize such events is still under debate. However,
an extended 3’UTR and the distance between release factor eRF3 and the poly(A)-binding
protein PABP might be pivotal. In case of a PTC, the distance between the two factors would
be too far for proper interaction (Shoemaker & Green, 2012).
The absence of a termination codon leads to mRNA degradation via NSD when the ribosome
enters the poly(A) tail and reaches the 3’ end of the mRNA. Non-stop mRNAs mostly
originate from premature polyadenylation events in the coding region or mutations and stop38
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codon read through (Frischmeyer et al., 2002; van Hoof et al., 2002; Wilson et al., 2005). The
GTPase Ski7, a homolog of eRF3, is thought to enter the empty A-site of ribosomes stalled
at the 3’ end of the transcript and to recruit the exosome that eliminates non-stop mRNAs in
3’ to 5’ direction (van Hoof et al., 2002). Furthermore, Dom34, resembling eRF1, and its
complex partner Hbs1, an eRF3 homolog, were reported to trigger splitting of stalled
ribosomes with the help of the ATPase Rli1 (Shoemaker & Green, 2011; Tsuboi et al., 2012).
However, since Dom34 and Hbs1 lack peptidyl-tRNA hydrolase activity, arrested nascent
chains remain on the released 60S subunit.
No-go decay is characterized by an arrest during translation elongation arising from rare
codons, production of polylysine stretches or stable mRNA structures, such as hairpins or
stem loops. Such defective mRNAs undergo an endonucleolytic cleavage close to the
stalling site by an unknown nuclease. The Dom34-Hbs1 complex then enters the empty
A-site of the ribosome and mediates disassembly of the subunits (Doma & Parker, 2006;
Passos et al., 2009; Tsuboi et al., 2012). Upon mRNA cleavage the resulting 5’ fragment is
degraded in 5’-3’ direction by Xrn1, whereas the exosome eliminates the 3’ part (Doma &
Parker, 2006). Interestingly, translation of the poly(A) tail during NSD also results in the
synthesis of consecutive polylysine residues and therefore, such mRNAs might also enter
NGD depending on whether the stall occurs during translation or at the very 3’ end of the
poly(A) tract.

2.5.3 Protein quality control systems at the yeast ribosome
The ribosome-associated quality control complex (RQC)
Ribosome stalling on aberrant mRNAs leads to the production of arrested and truncated
polypeptides that have to be degraded. In the past few years, several biochemical and
structural studies addressed the question of which factors are involved in the elimination of
arrested polypeptides from stalled translation complexes. One player in this process is the
RING E3 ubiquitin ligase Ltn1 (Listerin in higher eukaryotes) that was shown to ubiquitinate
arrested nascent chains with polybasic tracts directly at the ribosome (Figure 9) (Bengtson &
Joazeiro, 2010; Brandman et al., 2012). Ltn1 associates exclusively with the 60S ribosomal
subunit and therefore, its recruitment strongly depends on the disassembly of stalled
ribosome complexes (Shao et al., 2013). The E3 ligase is a component of a conserved, large
multiprotein assembly called the ribosome-associated quality control complex (RQC)
comprised of the AAA+ ATPase Cdc48, its cofactors as well as the proteins Tae2 and Rqc1.
After Ltn1-mediated ubiquitination and in dependence of Tae2 and Rqc1, Cdc48 and its
cofactors seem to be recruited to extract arrested chains from the ribosome and to escort
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them to the proteasome (Brandman et al., 2012; Defenouilère et al., 2013; Verma et al.,
2013). Tae2 senses translation stress and signals it to Hfs1 to induce a heat shock response
(Brandman et al., 2012).

Figure 9: Assembly of the RQC ubiquitination complex. Ltn1 (yellow) and Tae2 (turquois) cannot bind to
stalled 80S ribosomes (red cross). Upon ribosome splitting by the Dom34-Hbs1 complex and Rli1 (not shown),
Tae2 specifically binds to the exposed peptidyl-tRNA on the 60S interface and improves the binding site for the
N-terminus of Ltn1. Due to its elongated structure Ltn1 binds to the ribosome like a clamp reaching from the
subunit interface to the exit tunnel. Thus, the C-terminal RING domain is positioned close to the exit site
facilitating ubiquitination of arrested polypeptides. Tae2 recruits Ala-tRNA and Thr-tRNA (magenta) to the A-site
and directs template-free elongation of the arrested polypeptide with “CAT” tails, which are involved in signaling to
Heat Shock Factor 1 (Hfs1, brown). Cdc48 (blue) and cofactors extract the ubiquitinated polypeptide and target it
for proteasomal degradation. Adapted from (Shao et al., 2015; Shen et al., 2015).

Ltn1 is 180 kDa in size and single-particle EM data revealed a highly flexible and elongated,
clamp-like structure (Lyumkis et al., 2013). A recent study used purified proteins from
mammalian cells to determine the minimal set of factors needed to reconstitute the
ribosome-associated ubiquitination pathway in vitro (Shao & Hegde, 2014). It demonstrated
that the splitting factors Hbs1, Pelota (Dom34) and ABCE1 (Rli1) mediate the access of
Listerin (Ltn1) to arrested nascent chains at the 60S subunit. In addition, cryo-EM analysis of
the 60S-Listerin complex showed that steric hindrances caused by the 40S subunit hamper
the binding of Ltn1 to 80S particles (Shao & Hegde, 2014). Further cryo-EM studies on the
ribosome-bound RQC in yeast and mammalian cells could establish how Ltn1 binds to the
large subunit and positions its C-terminal RING domain close to the exit tunnel to allow
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ubiquitination of a variety of arrested nascent chain as well as interaction with E2 enzymes.
Ltn1 basically clamps the large subunit with its distal ends and makes contacts in the subunit
interface and close to the exit site. Tae2 stabilizes Ltn1 in this position, recognizes the
exposed peptidyl-tRNA on the 60S particle and impedes reassociation of the 40S subunit
(Lyumkis et al., 2014; Shao et al., 2015; Shen et al., 2015). Strikingly, Tae2 has been shown
to recruit tRNAs loaded with alanine and threonine to the A-site to elongate the arrested
nascent chains independent of the 40S subunit and mRNA. Such “CAT” tails are suggested
to trigger the Hfs1-mediated heat shock response and might tag the arrested chains to be
recognized for degradation. The exact mechanism, however, is currently unknown (Shen et
al., 2015).

Not4 and the Ccr4-Not complex
Another ribosome-associated RING E3 ligase is Not4. It is part of a large evolutionarily
conserved protein assembly, the Ccr4-Not complex, that has a molecular weight of
approximately 1 MDa and consists of at least nine core subunits (Ccr4, Caf1, Caf40, Caf130,
Not1-5; Figure 10A) (Draper et al., 1995; Liu et al., 1998; Albert et al., 2000; Chen et al.,
2001). The complex has a rather flexible L-shaped structure with two elongated arms of
180-190 Å in length (Nasertorabi et al., 2011). Not1 (CNOT1 in humans) is the only complex
member essential for cell viability and acts as a scaffold protein and docking platform for
other subunits (Maillet et al., 2000; Ito et al., 2011b). Ccr4 and Caf1 are located in the hinge
region of the complex, whereas the Not proteins Not2-5 bind Not1 at its C-terminus and
constitute the Not module (Bai et al., 1999; Albert et al., 2000; Maillet & Collart, 2002;
Nasertorabi et al., 2011; Bhaskar et al., 2013; Bhaskar et al., 2015).
The Ccr4-Not complex resides in both the nucleus and cytoplasm of a cell and so far multiple
roles for the Ccr4-Not complex have been proposed. Its nuclear function comprises the
regulation of transcription initiation and elongation as well as chromatin modification (Collart
& Struhl, 1993; Badarinarayana et al., 2000; Lemaire & Collart, 2000; Deluen et al., 2002;
Peng et al., 2008; Mersman et al., 2009; Laribee et al., 2015). Ccr4 and Caf1 are the major
deadenylases in the cytosol that catalyze poly(A) tail shortening and hence play an important
role in mRNA metabolism and gene expression (Tucker et al., 2001; Chen et al., 2002;
Tucker et al., 2002; Viswanathan et al., 2004; Goldstrohm et al., 2007; Nousch et al., 2013;
Maryati et al., 2015). In addition, the Not module is important for cell viability as well as for
integrity of the Ccr4-Not complex (Bai et al., 1999; Maillet et al., 2000; Russell et al., 2002;
Ito et al., 2011a; Boland et al., 2013). The functions of Caf40 and Caf130 are unknown.
Not4 connects the Ccr4-Not complex to the ubiquitin-proteasome system (Albert et al., 2002;
Mulder et al., 2007). It contains a RING domain in its conserved N-terminus and interacts
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with Not1 via a region in its C-terminus (Figure 10B) (Hanzawa et al., 2001; Albert et al.,
2002; Panasenko & Collart, 2011; Bhaskar et al., 2015). In addition, it possesses an RNA
recognition motif (RRM) in the middle domain. The RING domain mediates the interaction
with the E2 enzymes Ubc4/5 (Albert et al., 2002; Winkler et al., 2004; Panasenko et al.,
2006; Bhaskar et al., 2015).
So far, only a few Not4 substrates could be identified. Amongst them are Rps7A and NAC
whose ubiquitination status is assumed to contribute to its stability and ribosome association
(Panasenko et al., 2006; Panasenko et al., 2009; Panasenko & Collart, 2012). The functional
in vivo relevance, however, remains unknown. Not4 has been shown to interact with
proteasomal subunits and to contribute to proteasome assembly and integrity (Laribee et al.,
2007; Panasenko & Collart, 2011). Further potential targets of Not4 are Cog1, a component
of the Golgi complex (Shemorry et al., 2013), the nuclear demethylase Jhd2 (Laribee et al.,
2007; Mersman et al., 2009; Huang et al., 2010), the transcription factors Cyclin C and Yap1
(Cooper et al., 2012; Gulshan et al., 2012) as well as Cdc17, the catalytic subunit of DNA
polymerase α (Haworth et al., 2010). Accordingly, Not4 substrates are distributed both in the
cytosol and nucleus of the cell.
The absence of Not4 leads to pleiotropic phenotypes such as slow growth, protein
aggregation and sensitivity towards translation inhibitory drugs and heat (Mulder et al., 2007;
Panasenko & Collart, 2011; Panasenko & Collart, 2012; Halter et al., 2014). Based on these
findings and on the fact that Not4 was identified to ubiquitinate arrested polybasic nascent
chains, a role of Not4 in cotranslational quality control was proposed (Dimitrova et al., 2009;
Matsuda et al., 2013; Halter et al., 2014). In the meantime, however, Ltn1 has been shown to
constitute the only ribosome-bound E3 ligase that targets arrested polypeptides for
proteasomal degradation (Bengtson & Joazeiro, 2010; Brandman et al., 2012; Shao et al.,
2013). The absence of Not4 caused a similar increase in the levels of polyubiquitinated
nascent polypeptides as in a deadenylase mutant pointing to a role of Not4 in mRNA
turnover rather than in cotranslational ubiquitination (Duttler et al., 2013). The exact function
of the E3 ligase still remains elusive. Interestingly, Not4 is not stably integrated in the
Ccr4-Not complex in higher eukaryotes and amino acid variations in its C-terminus seem to
be responsible for that (Lau et al., 2009; Bhaskar et al., 2015). Human CNOT4, however, is a
true ortholog of yeast Not4, since it can complement lethality in a yeast strain lacking Not4
and Not5 (Albert et al., 2000).
Many functions of the Ccr4-Not complex require its entity, but it is also possible that
individual subunits perform their tasks outside of the complex. Moreover, the size of the
complex varies pointing to a transient recruitment of additional factors and a highly dynamic
composition (Bai et al., 1999; Maillet et al., 2000; Maillet & Collart, 2002; Goldstrohm et al.,
2006; Goldstrohm et al., 2007).
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Figure 10: Schematic representation of the yeast Ccr4-Not complex and Not4. A) The Ccr4-Not complex
consists of nine core subunits (Ccr4, Caf1, Caf40, Caf130 and Not1-5) and attains a clamp-like shape with two
elongated arms of 180 and 190 Å in length. Not1 forms the scaffold and constitutes the docking platform for other
complex components. Ccr4 and Caf1 are the main deadenylases of the yeast cell and bind to the hinge region of
Not1. Not2 and Not5 dimerize via their conserved Not-box motifs and bind to the C-terminus of Not1 together with
Not3 and Not4. B) Not4 possesses an N-terminal RING domain, which is a characteristic of most E3 ligases and
which is necessary to interact with E2 enzymes. The function of the RNA recognition motif (RRM) in the central
part of Not4 is unknown. The C-terminus is predicted to be unstructured and a part of it is involved in Ccr4-Not
binding, for which three critical residues (L463, F464 and W466; magenta dots) could be identified.

2.6 Protein aggregation: cause and consequence
As discussed in the previous chapters, the proteostasis network integrates protein
biogenesis, folding of newly synthesized proteins and protein trafficking in a cell. Thus, it
controls the levels of functional proteins and aims to prevent protein misfolding and formation
of toxic aggregates (Hipp et al., 2014). Imbalances in the proteostasis network can entail
detrimental consequences especially in case of cellular stress. Here, one has to discriminate
between acute and chronic stress conditions. Acute stress leads to a decrease of translation
and an elevation of the heat shock response and the unfolded-protein response in the ER.
Hence, chaperone expression is increased to assist folding, disaggregation or degradation of
terminally misfolded species. Prolonged or chronic stress during aging or disease, however,
is accompanied by permanent production of aggregates. Components of the proteostasis
network are constantly sequestered and are not available anymore to fulfill their actual tasks,
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resulting in misfolding of endogenous proteins. This self-propagating cycle eventually leads
to an overload and collapse of the proteostasis network followed by apoptosis (Hipp et al.,
2014). This means that aggregates accumulate when the capacity of a cell to refold or
degrade misfolded proteins is exceeded by the formation of more and more misfolded
species. These scenarios can occur in response to mutations affecting either a protein’s
stability or factors involved in quality control, defective protein synthesis and environmental
impacts such as heat or oxidative stress. In addition, aging is often accompanied by a
decline in protein quality control causing an increase in protein misfolding (Tyedmers et al.,
2010). Accordingly, many neurodegenerative disorders, such as Alzheimer’s disease (AD),
Huntington’s disease (HD) or Parkinson’s disease (PD), are characterized by the
accumulation of protein deposits in the brain. These arise from the failure of a specific protein
to adopt or to remain in its native fold leading to an overload of the damage protection
system and to disease (Chiti & Dobson, 2006).
The structure of protein aggregates can differ and therefore, aggregates can be divided into
two categories. They can be either amorphous and disordered with no visible structural
organization or highly ordered with an amyloid-like structure (Tyedmers et al., 2010). Such
amyloids are rich in β-sheets that assemble into long fibers extended perpendicular to the
longitudinal fiber axis (Sunde et al., 1997; Rubin et al., 2008). Protein deposition in amyloid
fibrils characterizes the pathological state of many neurodegenerative diseases (Chiti &
Dobson, 2006). Aggregation of one single protein species can act as a seed and deplete
other proteins by sequestering them into amyloids via exposed hydrophobic surfaces. These
proteins lose their functionality, which causes the perturbation of entire cellular activities and
might contribute to the pathological state (Gidalevitz et al., 2006; Kitamura & Kubota, 2010).
Growing evidence indicates that instead of amyloid fibers, rather oligomeric protofibrillar
intermediates formed during the aggregation process are the toxic species responsible for
pathogenesis (Chiti & Dobson, 2006; Kitamura & Kubota, 2010). Thus, the formation of
amyloid-like fibrils could constitute a protective mechanism to isolate harmful intermediates.
In accordance with this assumption, protein inclusion into aggregates is thought to occur as a
consequence of an overloaded quality control system (Tyedmers et al., 2010). It has become
clear during the last years that such inclusions constitute conserved and exclusive quality
control compartments that facilitate the handling of misfolded proteins by the proteostasis
network (Sontag et al., 2014). Bacterial cells, for example, form one or two inclusion bodies
at their cell poles in response to overexpression of heterologous proteins or stress (Lindner
et al., 2008). Similar deposits, called aggresomes, are also found in yeast and mammalian
cells, where they localize adjacent to the nucleus. They accumulate misfolded and
ubiquitinated proteins and are formed during disease or as a result of heterologous protein
expression (Johnston et al., 1998; García-Mata et al., 1999).
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In addition, when proteasomal degradation is limiting during stress, misfolded but soluble
ubiquitinated proteins start to accumulate reversibly in the ER-associated juxtanuclear quality
control (JUNQ) compartment (Kaganovich et al., 2008; Specht et al., 2011; Malinovska et al.,
2012). By contrast, terminally aggregated deposits such as amyloids, accumulate in the
insoluble protein deposit (IPOD) compartment adjacent to the vacuole (Kaganovich et al.,
2008; Sontag et al., 2014). Several cytosolic chaperones and sorting factors are associated
with the sequestration of proteins into these deposition sites such as Hsp42, Sis1 (Hsp40)
and Hsp70 (Sontag et al., 2014). Extreme heat stress leads to the formation of more
peripheral aggregates in a Hsp42-dependent manner, which is assumed to protect cells from
toxic species or to facilitate aggregate removal by autophagy (Specht et al., 2011). Further,
soluble but misfolded and potentially toxic proteins can be sorted into dynamic ER-anchored
Q-bodies. This process depends on the Hsp70/90/110 machinery and is suggested to
constitute an early strategy to enhance cellular fitness during stress (Escusa-Toret et al.,
2013).
The analysis of the fate of protein aggregates during cell division gave insight into a
conserved mechanism of asymmetric aggregate inheritance between two dividing cells. In
bacteria, the localization of aggregates at the cell pole allows the generation of aggregationfree daughter cells upon cell division (Tyedmers et al., 2010). This could also be observed in
eukaryotic cells. During aging of yeast cells, the mother cell retains defective proteins by
retrograde damage transport to produce a rejuvenated progeny (Aguilaniu et al., 2003;
Nyström, 2005; Henderson & Gottschling, 2008; Liu et al., 2010a). Cells with a shorter
expected life span receive protein deposits also in higher eukaryotes (Rujano et al., 2006;
Fuentealba et al., 2008).
The chaperone system constitutes the first line of defense against protein misfolding and
aggregation. A powerful bi-chaperone system consisting either of the Hsp70 DnaK, the
Hsp40 DnaJ and the disaggregase ClpB in bacteria or the counterparts Ssa1, Ydj1 and
Hsp104 in yeast is able to resolubilize aggregates. This means that Hsp70/40 binds to
aggregates and mediates their transfer to ClpB/Hsp104 where aggregated proteins get
unfolded by threading them through the translocation pore in an ATP-dependent manner.
Finally, this activity leads to the extraction of misfolded proteins from aggregates allowing
them to refold again (Tyedmers et al., 2010; Mogk et al., 2015).
Strikingly, higher eukaryotes lack the powerful Hsp100 class of chaperones. It was
suggested that the HSP70/40 system cooperates with the HSP110 nucleotide exchange
factors to disassemble aggregated proteins. This activity, however, is not very efficient in
vitro and seems to occur only on the aggregate surface (Shorter, 2011; Rampelt et al., 2012).
A very recent study could now demonstrate that a potent disaggregation activity exerted by
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the HSP70/J-protein/HSP110 chaperone system is also present in human and nematode
cells (Nillegoda et al., 2015). This system requires a transient complex formation of class A
and B J-proteins that act synergistically to extract proteins from a broad range of aggregates.
The recruitment of multiple HSP70s by mixed class J-protein complexes is assumed to
increase the pulling forces leading to effective protein extraction from aggregates (Nillegoda
et al., 2015).
Also small heat shock proteins (sHsps) play a crucial role in the prevention of aggregation. In
their inactive state, they form large oligomeric assemblies that shift towards smaller species
upon their activation in stress conditions. sHsps act as holdases that bind partially unfolded
proteins independent of ATP to keep them in a soluble state and to prevent irreversible
aggregate formation. Since sHsps cannot save already misfolded or aggregated proteins
they have to be present during the time of protein unfolding. Bound substrates either refold
spontaneously or are handed over to the Hsp40/70 system (Haslbeck & Vierling, 2015).
An alternative route to eliminate misfolded or aggregated proteins is the ubiquitin proteasome
system (UPS) (Hershko & Ciechanover, 1992; Nijholt et al., 2011). The UPS serves to
precisely regulate proteostasis and to tag proteins specifically with ubiquitin chains for
controlled proteasomal degradation (Hershko & Ciechanover, 1992). A decline of the UPS is
associated with aging and neurodegenerative diseases (Gaczynska et al., 2001;
Ciechanover & Brundin, 2003). Larger aggregated assemblies that cannot be refolded
anymore are substrates for the selective autophagy lysosome pathway (ALP) where
autophagosomes engulf aggregates and fuse with the lysosome for proteolytic digestion
(Kundu & Thompson, 2008; Kettern et al., 2010). Autophagy is also associated with the
pathogenesis of neurodegeneration and protects neurons from the accumulation of abnormal
protein deposits in several protein misfolding diseases (Kundu & Thompson, 2008).
In order to guarantee rapid degradation of misfolded proteins chaperones tightly interact with
factors of the UPS and the ALP. The E3 ubiquitin ligase CHIP (C-terminus of Hsc70interacting protein) has been shown to tightly cooperate with the Hsp70/90 system in protein
misfolding diseases to ubiquitinate aggregation-prone proteins (Kettern et al., 2010). Also the
ALP pathway is partially dependent on ubiquitination. BAG3, a cochaperone of Hsp70,
facilitates the interaction of an ubiquitin adaptor molecule with chaperones and mediates the
lysosomal degradation of ubiquitinated clients. An ubiquitin-independent chaperone-assisted
transport of aggregated proteins also exists (Kettern et al., 2010).
In conclusion, imbalances in the highly interconnected proteostasis network can have
detrimental effects on cellular fitness. During aging of an organism misfolding and
aggregation occur naturally and can initially be handled by the proteostasis machinery.
However, increasing age is accompanied by a decline in clearance capacity and damage
protection systems start to get overloaded in turn causing more proteins to misfold and
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aggregate. This process results in a self-propagating cycle that eventually ends in cellular
toxicity, apoptosis and disease. The accumulation of protein deposits in postmitotic neuronal
cells coupled with the above-mentioned proteostasis deficiency defines age as a major risk
factor for neurodegenerative diseases. The search for molecules to boost the proteostasis
network constitutes a promising therapeutic approach to delay symptoms accompanied with
such disorders (Hipp et al., 2014; Brandvold & Morimoto, 2015).
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3. Aims of this thesis
Newly synthesized proteins have to fold into their correct three-dimensional structure to
become biologically active. However, our knowledge of how this goal is accomplished is still
incomplete. In addition, as soon as nascent polypeptides emerge from the ribosomal exit site
into the crowded cytosolic milieu they are prone to form undesired non-native interactions
and to misfold. Although many cytosolic components have been identified that associate with
ribosomes to improve the efficiency of de novo protein folding or to sense misfolding and
translational errors, the underlying molecular mechanisms still remain largely unknown. The
group of these ribosome-associated factors comprises i.a. molecular chaperones, ribosome
recycling factors and proteins with E3 ubiquitin ligase activity to promote proteasomal
degradation of erroneous nascent chains. The major aim of this work was therefore to
explore key principles of cotranslational quality control systems and protein folding.

(A) Quality control at the yeast ribosome
Investigation of the role of Not4 and the Ccr4-Not complex in cotranslational quality
control and protein homeostasis
Errors in translation that can result in ribosome stalling and production of defective proteins
have to be sensed at an early stage. Hence, not only chaperones are needed to assist
folding of newly synthesized proteins but also other factors that recognize and degrade
aberrant transcripts and proteins. One of these factors is the recently discovered ribosome
quality control complex (RQC) that mediates ubiquitination and proteasomal degradation of
arrested proteins in dependence of the E3 ubiquitin ligase Ltn1. Also the E3 ligase Not4,
which is a component of the multicomponent Ccr4-Not complex, was suggested to be
involved in this process. However, it still remains unclear whether the two E3 ligases are
functionally related and which role the Ccr4-Not complex plays in cotranslational quality
control.
Important questions were:
Does Not4 contribute to cotranslational protein quality control of arrested nascent
polypeptides and are Not4 and Ltn1 functionally connected? At which level does Not4 act? Is
Not4 involved in cellular protein homeostasis? Which components of the Ccr4-Not complex
contribute to the function of Not4? Are chaperones involved?
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In order to obtain more knowledge about the function of Not4 during translation and in quality
control of nascent polypeptides its association with ribosomes was analyzed by ribosome cosedimentation assays. Further, yeast strains lacking Not4 were generated to investigate the
influence of Not4 on the mRNA and protein levels of reporter constructs that cause transient
ribosome stalling. Polysome profiling was performed to gain more insights into the role of
Not4 on translation under stress conditions. Additionally, to study the function of Not4 in
protein homeostasis, protein aggregation was analyzed. Based on the obtained results the
involvement of other Ccr4-Not complex components and ribosome-associated chaperones in
Not4-dependent processes was investigated.

(B) Cotranslational folding of nascent polypeptides
Investigation of protein folding at ribosomes using a mass spectrometric approach
Another goal of this thesis was to establish a strong collaboration with the laboratory of Prof.
S. Radford at the University of Leeds in the United Kingdom. Limited proteolysis and fast
photochemical oxidation of proteins (FPOP) coupled to mass spectrometry (MS) were used
as new tools for the structural analysis of bacterial ribosome-nascent chain complexes
(RNCs) to get more insight into cotranslational protein folding. The Scr-homology 3 (SH3)
domain of α-spectrin served as model nascent polypeptide.
Important questions were:
Can the folding dynamics of free and ribosome-tethered proteins be investigated by the MS
approaches? Are these methods suitable to characterize individual components within
complex and heterogeneous samples? Can RNCs also be generated in eukaryotic cells?
So far, many aspects of cotranslational protein folding still remain unexplored and therefore
the investigation of this process is of great interest. Importantly, analyses have to be fast to
minimize time-dependent structural rearrangements in the nascent chain or ribosome. In a
proof-of-principle study we made use of the well-characterized SH3/SH3-m10-RNC system
to analyze bacterial RNCs produced in vivo. Purified free and ribosome-tethered proteins
were subjected to limited proteolysis followed by MS measurement to identify accessible
regions in the protein. With the gained information on variances in the conformational
features of the proteins the structures of free proteins and their corresponding ribosomeattached versions can be compared. In a second approach, photochemical oxidation, a
technique to label proteins covalently, coupled to MS was established to get a more detailed
insight into protein folding in real time.
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In contrast to bacterial cells, the production of RNCs in eukaryotic cells is more challenging.
Several methods were tested to generate RNCs in yeast cells with the goal to analyze
cotranslational structure acquisition in eukaryotes and to compare these processes with the
bacterial system.
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4. Results (part A)
4.1 Not4-dependent translational repression is important for cellular protein
homeostasis in yeast
Preissler, S.*, Reuther, J.*, Koch, M., Scior, A., Bruderek, M., Frickey, T., Deuerling, E.
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4.1.1 Objective
Protein synthesis by ribosomes is a fundamental but error prone process and thus has to be
tightly regulated. Sophisticated quality control mechanisms have evolved to protect the
cellular proteome from misfolded and aggregated proteins. Such defective proteins are, for
example, encoded by aberrant messenger RNAs (mRNAs) that originate from mutations or
mistakes during mRNA splicing or transcription. Translation of these mRNAs is often
accompanied by ribosome stalling, which is sensed by quality control systems that prevent
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further production of defective proteins and recycle stalled ribosomes (Graille & Séraphin,
2012). Further translation initiation on erroneous mRNAs is inhibited by deadenylation of the
transcript and subsequent removal of the 5’ cap structure (decapping), which facilitates
mRNA degradation by 5’-3’ exonucleases or the exosome (Weill et al., 2012).
Recently, a conserved ribosome-bound quality control complex (RQC), with the RING E3
ligase Ltn1 as a key component, was identified that recognizes stalled ribosome complexes
and prevents the accumulation of arrested nascent polypeptides (Bengtson & Joazeiro,
2010; Brandman et al., 2012).
Not4 is another E3 ligase in yeast implicated in cotranslational quality control (Dimitrova et
al., 2009; Matsuda et al., 2013). It is part of the conserved Ccr4-Not complex that possesses
different cellular functions such as regulation of transcription (Collart & Struhl, 1993;
Badarinarayana et al., 2000; Lemaire & Collart, 2000; Deluen et al., 2002) or mRNA
deadenylation (Daugeron et al., 2001; Tucker et al., 2001; Chen et al., 2002; Viswanathan et
al., 2004; Goldstrohm et al., 2007). Not4 was proposed to target cotranslationally arrested
nascent chains for proteasomal degradation (Dimitrova et al., 2009; Matsuda et al., 2013),
however, no Not4-dependent ubiquitination of nascent chains has yet been demonstrated.
Other studies showed that arrested polypeptides did not accumulate in the absence of Not4
alone and nascent chain ubiquitination was even enhanced in Not4-deficient cells (Bengtson
& Joazeiro, 2010; Duttler et al., 2013).
Given these contradictory results and despite the identification of many components involved
in cotranslational quality control the function of Not4 in this process remains unclear.
Therefore, the goal of this study was to investigate the basic functions of Not4 during
translation and how it contributes to cellular protein homeostasis.

4.1.2 Key findings and take home messages of this study
• Not4 and the Ccr4-Not complex associate with polysomes.
• The absence of Not4 results in increased expression of cotranslationally arrested
polypeptides and impaired translational repression upon nutrient starvation.
• Deletion of NOT4 leads to severe translation-dependent accumulation of insoluble
proteins and protein folding stress.
• Impaired function of the mRNA decapping enzyme or the loss of the decapping activator
Dhh1 cause similar defects.
• These results suggest that Not4 and the decapping machinery contribute to negative
regulation of translation and play an important role in maintenance of cellular protein
homeostasis.
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4.1.3 Results
Not4 and its complex partners associate with polysomes
Earlier studies on the role of Not4 in translation showed that Not4 has a strong preference to
interact with polysomes, i.e. translationally active ribosomal particles (Dimitrova et al., 2009;
Halter et al., 2014). Consistent with these data we found that Not4 as well as other
components of the Ccr4-Not complex migrate with heavy polysomes in sucrose gradients
(data not shown). This interaction is specific as signals for Not4 and Caf1 shifted to the 80S
and non-ribosomal fractions upon mRNA digestion with RNase A. Importantly, the interaction
only persisted in the presence of nascent chains at the ribosome shown by puromycin
treatment, which disassembles ribosomes and releases nascent polypeptides. This points to
a specific interaction of Not4 and the Ccr4-Not complex with assembled and translationally
active ribosomes.

Not4 inhibits the expression of polylysine-arrested proteins
Polysomes consist of actively translating ribosomes but can also contain jammed ribosomal
assemblies arising from ribosome stalling events on aberrant mRNAs. Since Not4 mainly
locates to polysomal fractions we reasoned that it might target stalled ribosomes. In order to
understand the function of Not4 in quality control on stalled ribosomal particles in more detail
we made use of reporter proteins that stall ribosomes transiently during their synthesis.
Arrested ribosomes are normally disassembled followed by Ltn1-mediated ubiquitination and
proteasomal degradation of the arrested nascent chains (Bengtson & Joazeiro, 2010;
Brandman et al., 2012). The reporter constructs consisted of an N-terminal GFP moiety
followed by a Flag-tag and the His3 protein (Figure 11A). Ribosome stalling can be induced
by insertion of twelve consecutive lysine residues either between GFP and the Flag-tag
(GFP-K12-Flag-His3; called hereafter K12-M) or at the C-terminus of the protein (GFP-FlagHis3-K12; called hereafter K12-C). A protein without lysines served as a non-stalling control
(GFP-Flag-His3; called hereafter K0). The expression of the constructs was analyzed in the
presence and absence of Not4 and Ltn1. Immunoblotting using antibodies directed against
GFP and the Flag-tag to detect arrested and full-length proteins revealed that the K0 protein
was expressed in all strains at similar levels, whereas no or only weak signals could be
detected for both K12 arrest proteins in wild type and not4Δ cells indicating an efficient
degradation of the arrest products (Figure 11B). Consistent with a previous study (Bengtson
& Joazeiro, 2010), the arrest product levels were increased in the absence of Ltn1
(Figure 11B and C). However, we observed a strong accumulation (about seven fold) of
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arrested proteins in not4Δltn1Δ cells (Figure 11B, quantified in D). The arrested proteins
encoded by the K12-M construct were still bound to the ribosome in ltn1Δ and not4Δltn1Δ
mutants but a considerably portion was released into the supernatant in the double knock out
strain (Figure 11E). To rule out the possibility that the lysine stretch provides a
polyubiquitination site that renders it prone to proteasomal degradation we used another
reporter construct containing consecutive proline residues (GFP-P12-Flag-His3; called
hereafter P12-M) (Figure 11F). Indeed, polyproline-induced ribosome stalling (Gutierrez et
al., 2013) resulted in similarly increased arrest product levels in cells lacking either only Ltn1
or Not4 in addition.
Translation arrest on polylysine or polyproline stretches is transient and, therefore, we
investigated whether Not4 also influences the expression of proteins that arise from
translation of either non-stop (NS) or truncated mRNAs. In the case of NS mRNAs ribosomes
are thought to run into the 3’UTR and become stalled either by translation of the poly(A) tail
into lysine residues or at the 3’ end of the mRNA, which in turn leads to fast degradation of
both the transcript and the resulting proteins (Inada & Aiba, 2005; Ito-Harashima et al.,
2007). However, simultaneous deletion of NOT4 and LTN1 did not further elevate NS protein
levels compared to ltn1Δ cells (data not shown).
Introduction of a self-cleaving RNA segment between GFP and Flag, the hammerhead
ribozyme (Rz), to obtain the GFP-Rz-Flag-His3 reporter construct (called hereafter Rz-M)
results in the production of a truncated mRNA that causes ribosome stalling at the cleavage
site. Although we could observe elevated arrest product levels in ltn1Δ mutants Not4 seems
to have no inhibitory effect on the expression of Rz-M proteins as the absence of both Not4
and Ltn1 did not further enhance the production of arrested polypeptides (data not shown).
Taken together, we conclude that Ltn1 is in general involved in ubiquitination and
subsequent proteasomal degradation of cotranslationally arrested nascent chains, which is
consistent with other studies (Bengtson & Joazeiro, 2010; Brandman et al., 2012). Not4,
however, appears to act more specifically and contributes to a quality control mechanism that
prevents accumulation of transiently arrested proteins (K12-M, P12-M). In contrast, quality
control of proteins arising from translation of non-stop (NS) or truncated mRNAs (Rz-M) is
not affected by the absence of Not4. Translation arrest on these mRNAs is probably stronger
and the topology of stalled ribosomes reaching the 3’ end of a transcript is different
compared to stalling within an open reading frame (ORF). Therefore, components of other
quality control pathways might be recruited.
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Figure 11
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 Figure 11: Not4 inhibits expression of polybasic translation arrest products. A) Schematic of mRNA
encoding the non-stalling GFP-Flag-His3 (K0) control construct or ribosome-stalling constructs where twelve
consecutive lysine residues were inserted between GFP and Flag (GFP-K12-Flag-His3; K12-M) or fused to His3
(GFP-Flag-His3-K12; K12-C). B, C) Yeast cells transformed with centromeric plasmids expressing either the K0
construct or K12-M (B) or K12-C ribosome-stalling construct (C) were grown in SCD-His medium to an optical
density (OD600) of 0.8, and normalized lysates were analyzed by Western blotting. GFP-specific (α-GFP) and
Flag-specific (α-Flag) antibodies were used to detect full-length proteins and translation arrest products. Rpl25
served as loading control. The asterisks mark degradation products. D) Quantification of full-length K0 levels
(n = 6, plotted on the left y-axis) as well as K12-M (n = 6) and K12-C (n = 3) arrest product levels (plotted on the
right y-axis) from independent experiments as shown in (B) and (C). The values were normalized to the loading
control, and arrest product levels are depicted relative to ltn1Δ cells (set to 1). Means ± SD are shown. E) Yeast
cells expressing the K12-M ribosome-stalling reporter were grown to an OD600 of 0.8 and equal volumes of
normalized lysates were layered on top of a 20% sucrose cushion and ribosomes were sedimented by
ultracentrifugation. Ribosomal pellets (R) were resuspended and equal amounts of ribosomes as well as samples
of precipitated supernatants (S) were applied to Western blot analysis with GFP-specific antibodies (α-GFP). The
ribosomal protein Rpl25 was detected as a control. Samples of the normalized lysates were analyzed in parallel
(Input). The asterisk marks unspecific bands in the supernatant samples. F) Top: Schematic of mRNA encoding
the P12-M ribosome-stalling construct GFP-P12-Flag-His3. Bottom: Same experiment as in (B) performed with
P12-M and β-NAC was detected as a loading control. Arrest product levels were quantified as in (D). Means ± SD
are shown (n = 3).

Not4 contributes to translational repression
Our results disfavor a role of Not4 in degradation of arrested polypeptides since deletion of
NOT4 does not enhance arrest product levels. Moreover, we found that upon addition of the
translation inhibitor cycloheximide K12-M and P12-M arrest products were similarly stable in
ltn1Δ and not4Δltn1Δ cells further challenging the hypothesis that Not4 directly contributes to
the destruction of arrested nascent chains (data not shown). Alternatively, Not4 could
function in translational repression of polylysine proteins and, thus, we investigated whether
Not4 affects K12 arrest protein synthesis independent of Ltn1-mediated degradation. We
inserted the 2A sequence of FMDV (foot-and-mouth disease virus) in the K12-C reporter
constructs between GFP and Flag. The 2A sequence causes ribosome pausing independent
of the polylysine segment followed by rapid cotranslational release of the nascent chain and
re-initiation of protein synthesis by the same ribosome (Donnelly et al., 2001). The GFP-2A
fragment should, therefore, escape ubiquitination by Ltn1 and report on translation efficiency
regardless of the stability of the full-length protein (Ito-Harashima et al., 2007).
We expressed the GFP-2A-Flag-His3-K12 (2A-K12) construct and the control construct GFP2A-Flag-His3 (2A-K0) (Figure 12A) without the polylysine stretch in wild type, ltn1Δ, not4Δ
and not4Δltn1Δ cells and found that the mRNA levels for both constructs were similar in all
strains (data not shown). Whereas the 2A-K0 protein was expressed in all cells (Figure 12C),
the arrested full-length protein was only detectable in cells lacking Ltn1 (Figure 12B).
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Figure 12: Not4 acts in translational repression. A) Schematic of mRNA encoding the reporter constructs
GFP-2A-Flag-His3 (2A-K0) and GFP-2A-Flag-His3-K12 (2A-K12) containing an in-frame insertion of the FMDV
2A sequence. B, C) Lysates of yeast cells expressing 2A-K12 (B) or 2A-K0 (C) were analyzed by Western blotting
with antibodies against GFP (α-GFP) and β-NAC. Bar graph: Western blot signals of full-length proteins and GFP2A of three independent experiments were quantified, normalized to the loading control and expressed relative to
values in wild type (wt) cells. Means ± SD are shown (n = 3). D) Yeast cells expressing 2A-K12 were grown in
SCD-His medium to the mid-log phase and treated with MG132. Lysates were prepared and the fusion proteins
were immunoprecipitated. Samples of the lysates and the precipitated proteins were analyzed by Western
blotting. Proteins were detected with Flag-specific antibodies (α-Flag), and ubiquitination was detected with
ubiquitin-specific (α-Ub) antibodies. Similar results were obtained in at least two separate experiments (Performed
by M. Koch).
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The protein level was further enhanced in not4Δltn1Δ cells, which is consistent with the
above-described results. The GFP-2A levels of the 2A-K12 construct were enhanced in the
absence of Not4 (or Not4 and Ltn1) (Figure 12B). A similar result was obtained for both, the
GFP-2A levels and those of the 2A-K0 full-length protein (Figure 12C). These data propose
that the loss of Not4 increases the translation of proteins containing the 2A sequence
irrespective of the presence of Ltn1 and strongly point to a function of Not4 in translational
repression induced by ribosome stalling within an open reading frame.
To further test the assumption that Not4 is not involved in degradation of arrested
polypeptides we investigated ubiquitination of 2A-K12-arrested polypeptides. Upon addition
of the proteasome inhibitor MG132, 2A-K12 proteins were immunoprecipitated and analyzed
for ubiquitination using ubiquitin specific antibodies (Figure 12D, performed by M. Koch).
Consistent with earlier reports, 2A-K12 ubiquitination was detectable in wild type cells but not
in cells lacking Ltn1 (Figure 12D, lane 1 and 3) (Bengtson & Joazeiro, 2010; Brandman et al.,
2012). By contrast, ubiquitination in not4Δ cells was even enhanced probably due to
increased reporter synthesis (Figure 12D, lane 2). The levels of ubiquitinated K12 proteins in
not4Δltn1Δ cells were reduced to the levels in ltn1Δ cells (Figure 12D, lane 4). These results
imply that Not4-mediated translational repression of polylysine-stalled proteins does not
involve ubiquitination of arrested polypeptides by its function as an E3 ligase.

Altered mRNA levels have a minor influence on the expression of polylysine-arrested
polypeptides
So far we assume that Not4 mediates translational repression of K12-arrested polypeptides
resulting in their increased expression and ubiquitination in not4Δ cells. Since Not4 is a
component of the Ccr4-Not complex, which regulates mRNA decay by deadenylation, and
since earlier findings state that mutations interfering with mRNA turnover cause elevated
protein expression and ubiquitination (Duttler et al., 2013), we investigated steady-state
levels of reporter mRNAs in not4Δ mutants. Total RNA was extracted from wild type and
mutant cells and applied to Northern blotting. The levels of the K0 control mRNA were equal
in all strains, whereas K12-M mRNA levels were enriched about twofold in the absence of
Not4 (Figure 13A). Thus, elevated reporter protein levels could arise from elevated mRNA
levels.
We also analyzed K12-M mRNA levels in other ccr4-not mutants and found that in cells
lacking the deadenylases Ccr4 and Caf1 they were enriched similar to not4Δ mutants
(Figure 13B). In the deadenylase deficient cells, however, also the signals for the K0 mRNA
were increased, which was not the case in not4Δ cells. This points to a rather general role of
Ccr4 and Caf1 in mRNA metabolism and attributes a more specific function to Not4. A direct
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comparison of K12-M mRNA and the resulting proteins levels in ccr4Δ and not4Δ mutants
revealed that the mRNA levels were similarly enriched in ccr4Δltn1Δ and not4Δltn1Δ mutants
compared to the ltn1Δ single knock out strain (Figure 13C). The arrest reporter levels were
only marginally elevated in the absence of both, Ccr4 and Ltn1. However, the simultaneous
deletion of NOT4 and LTN1 again caused a strong accumulation of arrested K12-M proteins.
Based on these discoveries, we conclude that although K12 mRNA levels influence reporter
protein synthesis they do not account for the strong elevation in K12 protein expression,
which agrees with a function of Not4 in translational repression of K12-arrested proteins.

Figure 13: Altered mRNA levels have a minor influence on expression of arrested proteins. A) Northern blot
analysis of K12-M or K0 steady state mRNA levels. The 18S ribosomal RNA (rRNA) stained with methylene blue
(MB) served as a loading control. Bar graph: The mRNA signals were quantified, normalized to the loading control
and expressed relative to wild type (wt). Means ± SD is shown (n = 4 for K12-M and n = 3 for K0). B) Northern
blot analysis as in (A) of K12-M and K0 mRNA levels in ccr4–not mutants. Means ± SD are shown (n = 4 for
K12-M and n = 3 for K0). C) Parallel analysis of K12-M mRNA levels (top) and K12-M protein levels (bottom).
Northern blot analysis was performed as in (A). Reporter proteins were detected with GFP- (α-GFP) and Flag(α-Flag) specific antibodies. Arrest product levels were normalized to the β-NAC control signals. The asterisk
marks non-specific bands. Similar results were obtained in three separate experiments.

59

Results (A)
Fast global translational repression upon nutrient withdrawal depends on Not4 and
decapping proteins
Consequently, the next step was to address the question whether Not4 is involved more
generally in translational repression that is, for example, important for the regulation of
protein synthesis during stress conditions. Since the production of proteins is an energyconsuming process, eukaryotic organisms, including yeast, have to adapt translation in
response to stress situations such as amino acid or glucose starvation to balance the
changing conditions. Besides the global down regulation of protein synthesis by inhibition of
translation initiation to save amino acids and energy for adaptation, the translation of specific
proteins is induced that are beneficial for cell survival (Simpson & Ashe, 2012). Importantly,
the response to nutrient withdrawal has to occur extremely fast before the intracellular
nutrient reservoir is depleted entirely. In response to amino acid shortage, for example, the
transcription factor Gcn4 is upregulated that induces the production of proteins involved in
amino acid biosynthesis (Tzamarias et al., 1989; Gomez et al., 2002). Furthermore,
increasing amounts of uncharged tRNAs activate Gcn2-mediated phosphorylation of eIF2 to
inhibit translation initiation (Simpson & Ashe, 2012). Nutrient withdrawal can also inhibit the
TOR (target of rapamycin) pathway that in turn results in decreased translation initiation
(Simpson & Ashe, 2012). Also glucose depletion causes a rapid inhibition of translation
initiation, however, the underlying mechanisms are still largely unknown but might involve the
displacement of eIF4A from the 43S pre-initiation complex (Castelli et al., 2011).
The mRNA decapping activator Dhh1 and the decapping enzyme Dcp1-Dcp2 are known to
mediate translational repression upon nutrient shortage (Holmes et al., 2004; Coller &
Parker, 2005) reflected by reduction of polysomes and accumulation of inactive 80S
monosomes (Ashe, 2000; van den Elzen, 2014). Interestingly, Dhh1 was discovered to be an
interaction partner of the yeast Ccr4-Not complex (Hata et al., 1998; Coller et al., 2001;
Maillet & Collart, 2002; Rouya et al., 2014). As we sought to investigate the potential
involvement of Not4 in translational repression we compared polysome profiles of wild type,
not4Δ and dhh1Δ cells shortly after removal of glucose or amino acids from the growth
medium. As expected, glucose depletion caused a rapid conversion of polysomes into 80S
monosomes, whereas polysome peaks were still detectable in the absence of Dhh1
(Figure 14A, asterisks). Strikingly, not4Δ mutants exhibited the same defects and the relative
protein production rate in these cells was higher compared to the wild type [Figure 14A and
B (“B” performed by S. Preissler)]. Inhibition of translational repression was even more
pronounced in dhh1Δ and not4Δ cells after amino acid withdrawal (Figure 14C, asterisks;
quantified in D). It is likely that removal of amino acids from the growth medium results in a
reduced concentration of aminoacyl-tRNAs, which in turn might promote ribosome stalling.
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Taken together, Dhh1 as well as Not4 are important factors to rapidly repress translation
during nutrient starvation to allow cells to activate their adaptation program.

Figure 14
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 Figure 14: Not4 contributes to fast translational repression in response to nutrient withdrawal.
A) Polysome profiling with wild type (wt) or mutant yeast cells. Absorbance traces at 254 nm (A254) are shown.
Cells were grown in YPD to an optical density (OD600) of 0.5, pelleted, resuspended in YP with or without 2%
glucose and incubated for 10 min. Translation was stopped by the addition of cycloheximide, and cells were
collected for polysome profiling on 15–45% sucrose gradients. B)

35

S-methionine incorporation into proteins after

glucose depletion. Cells were grown in SCD medium to OD600 0.5 and transferred to SC labeling medium without
glucose containing radioactive

35

S-methionine. After incubation for 10 min samples were taken and precipitated

with TCA. Radioactivity was measured by liquid scintillation counting. Translation activity is given as incorporated
radioactivity relative to t = 0. Best-fit trendlines are shown in grey (performed by S. Preissler). C, D) Polysome
profiling of wt and mutant cells as in (A). Cells were grown in SCD medium to OD600 0.5 and transferred to SCD
medium or yeast nitrogen base (YNB) containing 2% glucose without amino acids. Cells were incubated for
10 min prior to polysome analysis. Quantitative analysis of individual ribosome species is shown in (D) with mean
values ± SD (n = 3).

Not4 and decapping proteins are required for translational repression during
ribosome stalling
Based on the correlation between Not4 and Dhh1 in translational repression upon nutrient
deprivation, we analyzed whether loss of Dhh1 or impaired activity of the Dcp1-Dcp2
decapping complex influence expression of translation arrest products. Indeed, compared to
ltn1Δ mutants, K12-M arrest protein levels were elevated in cells lacking Dhh1 and Ltn1,
whereas no truncated proteins could be detected in dhh1Δ cells (Figure 15A). In the triple
mutant not4Δdhh1Δltn1Δ arrest product levels were not further elevated, suggesting that
Dhh1 and Not4 act in the same pathway (Figure 15B). Accordingly, a strain that lacks Ltn1
and harbors a strong loss-of-function mutation in the decapping protein Dcp1 (ltn1Δdcp1-34)
(Tharun & Parker, 1999) accumulated an increased amount of K12-M arrest proteins (Figure
15C). The point mutation in DCP1 (dcp1-34) as well as the insertion of a kanMX cassette at
the DCP1 locus (DCP1::kanMX) required for dcp1-34 construction did not cause
accumulation of arrested proteins. Further, the K12-M mRNA levels were enhanced only
about two fold in ltn1Δdcp1-34 mutants and, therefore, did not account for elevated protein
levels (Figure 15D). These results suggest that Not4 and decapping proteins are involved in
global and ribosome stalling-induced translational repression.
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Figure 15: Not4 and Dhh1 act in transcript-specific translational repression. A - C) The ribosome-stalling
K12-M or the non-stalling K0 control construct was expressed in wild type (wt) and mutant yeast cells. Normalized
lysates were applied to Western blot analysis. Full-length proteins and arrest products were detected with GFPspecific (α-GFP) antibodies. β-NAC served as loading control. The asterisk indicates unspecific bands. Bar graph:
Arrest product levels of three experiments were quantified, normalized to the loading control and expressed
relative to ltn1Δ. Means ± SD are shown [n = 3 in (A); n = 6 in (B) and (C)]. D) Northern blot analysis of K12-M
levels. The membrane was stained with methylene blue (MB) to visualize the 18S ribosomal RNA (rRNA) as a
loading control. The reporter mRNA signals from independent experiments were quantified and normalized to the
loading control. Means ± SD are shown (n = 3).
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Not4 and decapping factors are required for the maintenance of cellular protein
homeostasis
Based on our findings we asked whether deregulated translation in not4∆ cells interferes with
protein homeostasis. Indeed, we found that the absence of Not4 provoked a growth defect at
a temperature of 30°C and above (Figure 16A, performed by S. Preissler) and the induction
of the heat shock response, as measured by increased levels of the stress-inducible
chaperone Hsp104 (Figure 16B). Furthermore, we could identify more than 500 aggregated
proteins by mass spectrometry that were distributed over a broad molecular weight range
(data not shown). However, upon separation of the aggregated proteins via SDS-PAGE the
band pattern was different from the insoluble proteins found in ssbΔ or sse1Δ cells where
mainly ribosomal proteins or proteins with higher molecular weight aggregate, respectively
(Figure 16C, performed by S. Preissler). Bioinformatic analysis of the insoluble proteins
revealed no obvious common features such as low-complexity or hydrophobic regions (data
not shown). Of note, reduction of the growth temperature to 22°C ameliorated folding stressinduced protein aggregation (Figure 16D, performed by S. Preissler). Moreover, we found
that insoluble proteins only accumulated in translating cells but not upon addition of the
translational inhibitor cycloheximide or when leucine was depleted from the growth medium
(data not shown). Still, K12-M arrest product expression was affected in ltn1Δ as well as in
not4Δltn1Δ cells at 22°C, although protein aggregation was drastically reduced (Figure 16E).
These results reveal a correlation between misregulated protein synthesis and aggregation in
the absence of Not4, for which loss of Not4-dependent translational control provides a
plausible explanation. Importantly, proteome integrity was similarly affected in dhh1Δ and
dcp1-34 mutants and the pattern of aggregated proteins was comparable to that found in
Not4-deficient cells (Figure17 A) supporting the hypothesis that Not4 functionally cooperates
with decapping proteins. Moreover, Hsp104 levels were elevated comparable to not4Δ cells
indicating constitutive folding stress (Figure 17B).
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Figure 16: Deletion of NOT4 affects cellular protein homeostasis. A) Wild type (wt) and not4Δ cells with a
complementation plasmid (pNOT4) or empty vector (pEV) were adjusted to an optical density (OD600) of 0.5,
5-fold serial dilutions were spotted onto SCD -Ura plates and incubated as indicated (performed by S. Preissler).
B) Cells were grown at 30°C to the mid-log phase, and Hsp104 levels were analyzed in normalized lysates by
immunoblotting. Glucose-6-phosphate dehydrogenase (G6PDH) was detected as a loading control. Hsp104
signals were quantified and normalized to the loading control. Means ± SD are shown (n = 4). C) Analysis of
protein aggregation in wt and mutant yeast cells. Cells were grown in YPD to OD600 0.8, and protein aggregates
were isolated from equal volumes of normalized lysates. Samples of the normalized lysates and insoluble
proteins were separated by SDS–PAGE and stained by CBB. Bottom: Parallel Western blot analysis of the total
and aggregate fractions. G6PDH as well as the chaperones Hsp104, Ssb1, Ssa1 and Sse1 were detected
(performed by S. Preissler). D) not4Δ cells were grown at 22°C or 30°C to mid-log phase and aggregates were
analyzed as in (C) (performed by S. Preissler). E) Expression of the K12-M reporter at 22°C and 30°C was
analyzed by Western blotting with antibodies against GFP (α-GFP) and β-NAC. The asterisk marks a nonspecific
band.
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Figure 17: Decapping factors are required for the maintenance of cellular protein homeostasis. A) Protein
aggregation was analyzed in wild type (wt) and mutant yeast cells. Cells were grown in YPD to an optical density
(OD600) of 0.8. Aggregated proteins were isolated from equal volumes of normalized lysates. Insoluble proteins
and samples of the normalized lysates were separated by SDS–PAGE and visualized by CBB staining. B) Cells
were grown to the mid-log phase at 30°C, and Hsp104 levels were analyzed in normalized lysates by Western
blotting. Glucose-6-phosphate dehydrogenase (G6PDH) was detected as a loading control, and Hsp104 signals
were quantified and normalized to the loading control. Means ± SD are shown (n = 4).

Is decapping of the reporter mRNAs affected by absence of Not4?
We next asked how Not4 as well as Dhh1 and the decapping enzyme contribute
mechanistically to translational repression and whether the removal of the 5’ cap is crucial for
this function. In vivo, decapping and mRNA decay are intimately connected as decapped
mRNAs are rapidly degraded by Xrn1 in 5’-3’ direction (Parker, 2012; Huch & Nissan, 2014).
In a first approach, we compared the K0 control and the stalling K12-M mRNA levels in wild
type and not4Δ cells and included the dcp1-34 mutant as a control for impaired decapping
(Figure 18A and B, quantified in C) (Tharun & Parker, 1999). As further controls we digested
the mRNAs with Terminator 5’-phosphate-dependent exonuclease that specifically digests
decapped mRNA including rRNA and Tobacco Acid Pyrophosphatase that removes the
5’ methyl-7-guanosine cap. Unexpectedly, the Northern blot signals in the presence of
terminator nuclease increased for both, K0 and K12-M mRNA. However, this effect has been
described in an earlier study (Braun et al., 2012). The K12-M mRNA levels were slightly
elevated in not4Δ cells and further increased in the decapping mutant dcp1-34, which is
consistent with the role of Dcp1 in mRNA decapping and decay (Figure 18B). However, we
noticed no effect of terminator nuclease treatment on both reporter mRNAs in neither genetic
background, implicating that no decapped mRNAs accumulated. Most likely, these species
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were rapidly digested before and during sample preparation. Therefore, a reasonable setup
would be to use Xrn1-deficient cells to avoid degradation of uncapped mRNAs.

Figure 18
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 Figure 18: Decapped mRNA could not be detected in not4Δ and dcp1-34 mutants. A, B) The experiment
was performed according to (Braun et al., 2012). The indicated yeast strains were transformed with plasmids
encoding either K0 (A) or the ribosome-stalling K12-M (B) reporter and total RNA was isolated by hot phenol
extraction and ethanol precipitation. RNA samples (25 µg) were digested in the presence or absence of 4 U
CapClip

TM

Acid Pyrophosphatase (Cellscript) in a 50 µl reaction for 2 h at 37°C as recommended by the

manufacturer. After phenol/chloroform/isoamyl- (Roti-Aqua-PCI, Roth) extraction and ethanol precipitation equal
amounts of RNA (6-7 µg) were incubated with or without 1 U Terminator 5’-phosphate-dependent exonuclease
(Epicentre) in a 20 µl reaction for 1 h at 30°C as recommended by the manufacturer. Each reaction was supplied
with 3 ng of an in vitro transcribed 5’ triphosphate RNA (spike) to control for the specificity of the Terminator
exonuclease. Equal amounts (3 µg) of each sample were used for Northern Blotting. Ribosomal RNA (rRNA) was
detected by methylene blue (MB) staining of the membrane. C) The reporter mRNA signals were quantified and
normalized to the spike RNA signal. Very similar results were obtained in a second, independent experiment.

Model of cotranslational protein quality control in S. cerevisiae
All together, the obtained data propose that loss of translational control by Not4 and
decapping proteins severely disturbs cellular protein homeostasis. Not4 and the Ccr4-Not
complex interact specifically with polysomes. We suggest that Not4 participates in the
negative regulation of translation to prevent the accumulation of defective proteins that arise
from transient ribosome stalling within an open reading frame. This function may involve
modulation of decapping efficiency or inhibition of cap-dependent initiation of protein
synthesis and require the cooperation with decapping proteins such as Dhh1 and the
decapping enzyme Dcp1-Dcp2. Stalled ribosomes are disassembled by the Dom34-Hbs1
complex that acts in concert with the ATPase Rli1 followed by recruitment of the E3 ligase
Ltn1, which is part of the ribosome-associated quality control complex (RQC). Ltn1
ubiquitinates arrested nascent polypeptides at the 60S subunit and mediates their
degradation via the proteasome, whereas exonucleases may eliminate the defective mRNAs
(Figure 19).
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Figure 19: Translational repression of ribosome-stalling mRNAs involves Not4, Dhh1 and the decapping
factors Dcp1–Dcp2. Not4, together with the Ccr4–Not complex, associates with polysomes (grey) that likely
contain stalled (red cross) and jammed ribosomes. Transient ribosome stalling on mRNAs within open reading
frames (ORF) leads to Not4-dependent translational repression. The decapping activator Dhh1 as well as the
7

decapping enzyme complex Dcp1–Dcp2, which removes the 7-methylguanosine (m Gppp) cap structure from the
5’ end of mRNAs, are also required for translational repression of ribosome-stalling mRNAs, suggesting that the
Ccr4-Not complex and the decapping machinery act together in this process. Potential repression mechanisms
include modulation of transcript-specific decapping or direct inhibition of translation initiation. This prevents further
ribosome jamming and synthesis of arrested proteins. Upon disassembly of stalled ribosomes, the arrested
nascent chains (NC) are ubiquitinated by Ltn1 to target them for proteasomal degradation and mRNAs may
become eliminated by exonucleases.
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4.2 Characterization of potential Not4 partners during cotranslational quality
control at yeast ribosomes

Reuther, J.*, Preissler, S.*, Koch, M., Sachs, N., Bruderek, M., Ott, A.-K., Scior, A.,
Deuerling, E.
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4.2.1 Objective
Translation has to be controlled on multiple levels to eliminate mRNAs that cause ribosome
stalling and to degrade the resulting truncated polypeptides. Recently, we found that Not4,
which is part of the large Ccr4-Not complex, negatively regulates the synthesis of arrested
polylysine proteins and is involved in general translational repression upon nutrient
withdrawal (Preissler & Reuther et al., 2015). The Ccr4-Not complex consists of at least nine
core subunits (Ccr4, Caf1, Caf40, Caf130, Not1-4; Figure 10). In yeast, Not4 is a stable part
of the Ccr4-Not complex and together with Not2, Not3 and Not5 forms the so-called Not
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module (Bai et al., 1999; Albert et al., 2000; Maillet & Collart, 2002). The N-terminal regions
of Not2 and Not5 contain a conserved motif, the Not-box, which is crucial for their
dimerization and binding to Not1 (Zwartjes et al., 2004; Bawankar et al., 2013; Bhaskar et al.,
2013). Both proteins are crucial for the integrity of the Ccr4-Not complex and proper growth
of yeast cells (Bai et al., 1999; Maillet et al., 2000; Russell et al., 2002; Ito et al., 2011a;
Boland et al., 2013). The Not module has been reported to play a role in regulation of
transcription (Collart & Struhl, 1993; Badarinarayana et al., 2000; Lemaire & Collart, 2000;
Deluen et al., 2002) and Not2, Not4 and Not5 were found to colocalize to cytoplasmic Pbodies that accumulate translationally repressed mRNAs and decapping factors in response
to diverse stress stimuli. Furthermore, the three proteins are implied in deadenylationindependent decapping of a certain mRNA (Muhlrad & Parker, 2005). Not4 might exert its
function in translational regulation by modulating decapping or cap-dependent translation
initiation via the decapping proteins Dhh1 and Dcp1-Dcp2 (Preissler & Reuther et al., 2015).
Recent structural analyses support an overlapping function of Not2, Not4 and Not5 as the
three components bind Not1 in close proximity to each other. In conclusion, Not2, Not4 and
Not5 might form a functional entity within the Ccr4-Not complex, however, the role of Not2
and Not5 in cotranslational quality control processes has not been addressed explicitly.
In addition, the Ssb/RAC chaperone system was proposed to be involved in translational
repression of polylysine proteins by stabilizing their association with ribosomes to facilitate
their ubiquitination and degradation (Chiabudini et al., 2012; Chiabudini et al., 2014).
Functional overlaps between Not4 and Ssb/RAC in cotranslational quality control of arrested
polypeptides have not been studied systematically.
The goal of this study was to characterize the roles of Not2 and Not5 as well as the
ribosome-associated factors Ssb and NAC. They all constitute potential interaction partners
of Not4 during quality control processes at ribosomes and in maintenance of protein
homeostasis.

4.2.2 Key findings and take home messages of this study
• The protein levels of Not4 are strongly reduced in the absence of Not2 or Not5.
• Not2 and Not5 are important to inhibit the synthesis of cotranslationally arrested proteins
and contribute to translational repression upon nutrient withdrawal.
• The loss of Not2 and Not5 causes protein aggregation and protein folding stress.
• These findings propose that Not2 and Not5 are important for the stability and function of
Not4.
• The absence of Ssb results in accumulation of cotranslationally arrested proteins and
provokes defects in repression of protein synthesis upon nutrient starvation.
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• The accumulation of aggregates in cells lacking Ssb is independent of translation.
• These results suggest that Not4 and Ssb play distinct but partially overlapping roles in
cotranslational quality control.

4.2.3 Results

Not2 and Not5 are important for the stability and function of Not4 in translational
repression of polylysine proteins
Earlier studies demonstrated that the absence of Not4 or the deadenylases Ccr4 and Caf1
caused growth deficits at elevated temperatures and in the presence of drugs that inhibit
translation (Panasenko & Collart, 2011; Halter et al., 2014; Preissler & Reuther et al., 2015).
In addition, the integrity of the Ccr4-Not complex was perturbed in not2Δ and not5Δ mutants
(Maillet et al., 2000; Russell et al., 2002; Ito et al., 2011a). Thus, we investigated whether the
constituents of the Not module are functionally connected. Growth analyses of not mutants
revealed that, comparable to the not4Δ strain, growth of not2Δ and not5Δ cells was also
impaired at physiological conditions. Moreover, these cells were sensitive to temperatures
above 30°C and to drugs that inhibit translation such as cycloheximide and hygromycin B,
whereas deletion of NOT3 resulted in no aberrant phenotype (Figure 20A). In addition, cell
morphology and shape were similarly altered in the absence of Not2, Not5 and Not4.
Interestingly, expression tests performed with ccr4-not mutants showed that the protein
levels of Not4 were drastically reduced in the absence of Not2 and Not5, suggesting that
both proteins are important for the stability of Not4 (Figure 20B, performed by M. Koch). In
turn, Not5 levels were unaltered in not4Δ cells (data not shown), whereas no data exist for
the levels of Not2.
Recently, we discovered that Not4 inhibits the expression of polylysine proteins (Preissler &
Reuther et al., 2015). Translation of such proteins normally results in transient ribosome
stalling due to the positively charged lysines that interact with the negative ribosomal tunnel
(Lu et al., 2007; Lu & Deutsch, 2008) followed by ribosome disassembly, mRNA degradation
and Ltn1-mediated ubiquitination of arrested polypeptides (Bengtson & Joazeiro, 2010;
Brandman et al., 2012; Shao et al., 2013; Lyumkis et al., 2014; Shao & Hegde, 2014).
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Figure 20: Not2 and Not5 contribute to translational repression of polylysine proteins. A) Serial dilutions of
cells were spotted on YPD plates with or without translation inhibitory drugs and grown as indicated. B) Indicated
yeast strains lacking components of the Ccr4-Not complex were grown in YPD to mid logarithmic phase and
normalized cell lysates were analyzed by Western blot with Not4-specific antibodies. G6PDH was detected as a
loading control (performed by M. Koch). C, D) Yeast cells were transformed with either the K0 (C) or the K12-M
stalling plasmid (D) and cultured to an optical density (OD600) of 0.8. Normalized lysates were analyzed by
Western blotting and full-length as well as truncated arrest products were detected using GFP- (α-GFP) or Flagspecific (α-Flag) antibodies. β-NAC served as a loading control. Arrest product levels were quantified, normalized
to the loading control and expressed relative to ltn1Δ. Similar results were obtained in two separate experiments.
Asterisks mark degradation products.

Based on the described stabilizing effect on Not4 we asked, whether Not2 and Not5 are also
involved in translational repression of polybasic proteins and expressed the reporter
constructs GFP-Flag-His3 (K0) and GFP-K12-Flag-His3 (K12-M) in not2Δ and not5Δ cells
with or without combined deletion of LTN1 (Figure 11A). The twelve consecutive lysine
residues inserted between GFP and the Flag tag cause transient ribosome pausing. This
results in the Ltn1-dependent accumulation of truncated arrested polypeptides that can be
visualized with GFP specific antibodies (Preissler & Reuther et al., 2015). Whereas the K0
control construct was expressed in all cells (Figure 20C), truncated proteins resulting from
expression of the K12-M stalling plasmid could only be detected in the absence of Ltn1 and
not in the not2Δ and not5Δ single knockouts (Figure 20D). A synergistic accumulation of
arrested polypeptides was visible in not2Δltn1Δ and not5Δltn1Δ mutants comparable to cells
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lacking Not4 and Ltn1 (Figure 20D). Importantly, mRNA levels were not responsible for the
strongly elevated protein levels (Preissler & Reuther et al., 2015). In sum, as already shown
for Not4, also Not2 and Not5 are implicated in specific translational repression of polybasic
proteins.

Figure 21: not2Δ and not5Δ mutants exhibit defects in fast translational repression upon amino acid
starvation. Polysome profiling performed with wild type (wt) or mutant yeast cells. Absorption traces at 254 nm
(A254) are depicted. Yeast strains were grown to an optical density (OD600) of 0.5 in SCD medium, pelleted and
resuspended in SCD or YNB starvation medium with 2% glucose without amino acids. After 10 minutes
incubation cycloheximide was added.
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Not2 and Not5 are involved in general translational repression in the absence of
nutrients
One major role of Not4 is that it contributes to fast inhibition of protein synthesis in response
to nutrient starvation (Preissler & Reuther et al., 2015). To confirm the functional connection
between Not2, Not4 and Not5 we performed polysome analysis after amino acid withdrawal.
We found that in contrast to the wild type the loss of Not2 and Not5 caused a derepression
effect upon amino acid withdrawal similar to not4Δ cells, which is reflected by the remaining
polysome peaks (Figure 21, asterisks).
We reported that deregulated translation in the absence of Not4 might cause an imbalance in
cellular protein homeostasis as evident by accumulation of insoluble proteins and induction
of the heat shock response (Preissler & Reuther et al., 2015). Based on the similar results
obtained from not2Δ, not5Δ and not4Δ cells regarding growth on translation inhibitory drugs
and translation control, we analyzed whether the absence of Not2 and Not5 also affects
cellular protein homeostasis. Indeed, quantitative isolation of insoluble proteins revealed
strong aggregate formation with similar band patterns in not2Δ, not5Δ and not4Δ mutants
(Figure 22A, performed by S. Preissler). Increased Hsp104 levels indicate that the heat
shock response was induced in not2Δ and not5Δ cells (Figure 22B). These data point to
constitutive folding stress in the absence of Not2, Not5 and Not4 and strongly suggest that
the three Not proteins form a functional entity that guarantees Not4 stability and the
maintenance of protein homeostasis.

Figure 22: The absence of Not2 and Not5 causes severe phenotypes. A) Cells were grown in YPD to mid-log
phase and protein aggregates were quantitatively prepared from normalized lysates. Aggregates and samples of
the normalized lysates (total) were separated by SDS-PAGE and visualized with CBB staining (performed by
S. Preissler). B) Hsp104 levels of normalized lysates of wt and not mutants were analyzed with Hsp104-specific
antibodies. G6PDH was detected as loading control. The signals were quantified and normalized to the loading
control. Similar results were obtained in two separate experiments.
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The role of Not4 in protein homeostasis is specific and relies on its RING and
C-terminal domain
A small region in the C-terminus of Not4 is necessary for its binding to the Not1 scaffold
protein (Panasenko & Collart, 2011; Bhaskar et al., 2015), whereas the N-terminal RING
domain is crucial for interaction with the respective E2 ubiquitin conjugating enzymes Ubc4/5
and its in vitro ubiquitination activity (Albert et al., 2002; Winkler et al., 2004; Panasenko et
al., 2006; Mulder et al., 2007; Bhaskar et al., 2015). A point mutation introduced at position
35 in the RING domain (NOT4-L35A) has been reported to diminish the ubiquitin ligase
activity (Mulder et al., 2007; Dimitrova et al., 2009; Haworth et al., 2010; Kerr et al., 2011).
Not4 also possesses an RNA recognition motif (RRM) in its central part with unknown
function. In order to test which parts are needed for proper functionality in protein
homeostasis, truncated versions of Not4 were expressed in a not4Δ background (Figure 23A,
performed by S. Preissler) and analyzed for their ability to complement the aberrant growth
phenotype (Figure 23B, performed by S. Preissler). The expression of NOT4 as well as the
NOT4-L35A mutant restored growth but neither truncated version could suppress the growth
defect. Only Not4-ΔRING showed partially alleviated growth. Quantitative isolation of protein
aggregates confirmed these results as full-length Not4 and Not4-L35A could abrogate
aggregate formation back to wild type levels, whereas expression of the truncated versions
showed no ameliorating effect (Figure 23C, performed by S. Preissler). Importantly,
disruption of the C-terminus should also abolish the interaction of Not4 with Not1. Hence,
binding of Not4 to its E2 enzymes via the RING domain as well as to the Ccr4-Not complex
via its C-terminal region is important to keep the proteome in a balanced state.
Further, we could show that the absence of other E3 ligases such as Ubr1 and Doa10
involved in ER-associated protein degradation (ERAD) or San1 located in the nucleus did not
result in protein aggregation (Figure 24A, performed by M. Bruderek). Additionally, the lack of
Ecm29 and Jhd2 that were found to be ubiquitinated by Not4 did not result in protein
aggregation (Figure 24B, performed by M. Bruderek). Deletion of RPS7A encoding a
ribosomal protein suggested to be a ubiquitination substrate of Not4 led to a slight
accumulation of aggregates probably due to affected ribosomes. These data suggest that
Not4 plays a specific function in maintenance of protein homeostasis. Moreover, the absence
of its E3-ligase activity is not the cause for protein aggregation.
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Figure 23: The N-terminal RING domain and the C-terminus of are essential for Not4 functionality. A)
Schematic of the used Not4 variants. B) Transformed yeast cells with wither the empty vector pRS316 (pEV) or
plasmids encoding different Not4 versions were spotted in serial dilutions on SCD-Ura plates and incubated as
indicated (performed by S. Preissler). C) Aggregates were isolated from normalized lysates, solubilized in SDS
sample buffer and separated by SDS-PAGE together with samples from the normalized cell lysates (total).
Proteins were stained with CBB (performed by S. Preissler).

Figure 24: Other E3 ligases and ubiquitination targets of Not4 have no impact on protein homeostasis.
A, B) Cultures of the indicated strains were harvested in exponential growth phase. Normalized cell lysates (total)
and isolated aggregates were separated by SDS-PAGE and visualized with CBB staining (performed by M.
Bruderek).
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Not4 and Ssb act in distinct but overlapping pathways
Recently, the Ssb/RAC system has been reported to repress the translation of ribosomestalling polybasic proteins (Chiabudini et al., 2012; Chiabudini et al., 2014). Hence, we
wanted to dissect the proposed relationship between Not4 and Ssb and included also NAC,
the second ribosome-associated factor, in our studies, since it is a potential substrate of Not4
(Panasenko et al., 2006; Panasenko et al., 2009).
The combined deletion of Not4 and Ssb encoding genes resulted in synthetic lethality,
suggesting that both factors act in protein quality control albeit likely in different pathways
(Figure 25A). However, deletion of NAC together with NOT4 revealed no aggravated growth
defect compared to not4Δ cells (data not shown).
We tested if Not4, Ssb and NAC influence each other by analyzing their ribosome
association in the absence of the respective other factor. Polysome profiling of not4Δ, ssbΔ
and nacΔ strains demonstrated that the localization of Ssb, RAC and NAC was not altered in
the absence of Not4 and vice versa (data not shown).
Next, we investigated the roles of Not4 and Ssb in cotranslational quality control during
ribosome stalling mediated by polylysine proteins and expressed K12-M, K12-C and nonstop (NS) arrest constructs in ssbΔ and ssbΔltn1Δ cells (Figures 11A and 25B-E). In this
context, Not4 was identified to inhibit the translation of K12-M and K12-C proteins when
ribosomes pause during translation of an open reading frame (ORF), whereas it had no
influence on the expression of non-stop proteins (Preissler & Reuther et al., 2015). The
control construct K0 was expressed in all cells although the protein levels were slightly
elevated in the absence of Ssb probably due to additional cellular functions of the chaperone
(Figure 25B, performed by N. Sachs). Truncated arrest products arising from the K12-M
construct accumulated in ltn1Δ cells, which was even enhanced in the absence of both, Ssb
and Ltn1, comparable to levels found in not4Δltn1Δ cells (Figure 25C, performed by N.
Sachs). Simultaneous deletion of NAC- and Ltn1-encoding genes had no influence on arrest
reporter levels compared to ltn1Δ cells. The levels of the K12-C reporter proteins were only
mildly elevated in the ssbΔltn1Δ double knock out compared to cells lacking Ltn1
(Figure 25D, performed by N. Sachs). In contrast to another study, arrest products could not
be detected in the ssbΔ knockout strain [Figure 25C and D and (Chiabudini et al., 2012)].
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Figure 25: Not4 is not functionally connected to Ssb and NAC. A) Spotting assay of wild type (wt) and mutant
cells. Serial dilutions were spotted on YPD plates and incubated as indicated. B-D) Cells expressing either the K0
(B), K12-M (C), K12-C (D), construct were grown to exponential phase and Western blotting was performed with
equal amounts of normalized cell lysates. Antibodies directed against GFP (α-GFP) or Flag (α-Flag) were used to
detect truncated or full-length proteins. G6PDH was detected as a loading control. Asterisks mark unspecific
signals. E) top: Schematic representation of the Stop and non-stop (NS) mRNA; bottom: samples were prepared
as in (B-D) (B-E performed by N. Sachs).

Stronger ribosome pausing can be achieved using a non-stop (NS) reporter protein. The lack
of the termination codon results in translation of the poly(A) tail into long lysine stretches
leading to a translation arrest. We now expressed the NS construct in ssbΔ and ssbΔltn1Δ
and compared the protein levels to cells lacking Ski7, which is implied in exosomal
degradation of NS mRNAs. Hence ski7Δ cells accumulate the resulting aberrant proteins
(Frischmeyer et al., 2002; van Hoof et al., 2002; Inada & Aiba, 2005). The control stop
construct was expressed in all strains, whereas the NS protein levels were strongly
enhanced in ssbΔltn1Δ cells to levels found in ski7Δltn1Δ mutants consistent with a previous
study [Figure 25E, performed by N. Sachs; and (Chiabudini et al., 2012)]. Interestingly, this
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effect was not visible in the absence of both Not4 and Ltn1 (Preissler & Reuther et al., 2015)
pointing to partially overlapping but yet distinct roles of Not4 and Ssb in cotranslational
quality control.
Ssb was previously reported to contribute to translational repression in response to glucose
starvation (von Plehwe et al., 2009). It was suggested to stabilize an inactive variant of the
SNF1 kinase in the presence of glucose that normally gets phosphorylated to induce the
expression of glucose-repressed genes when glucose is not available. We had shown that
Not4 is involved in translational repression after removal of glucose or amino acids from the
growth medium (Preissler & Reuther et al., 2015). To get more insight into a possible
interconnection between Ssb and Not4 in translational repression we performed polysome
profiling after nutrient starvation and found that, consistent with the mentioned study,
polysomes were still present in ssbΔ cells when glucose was withdrawn comparable to cells
lacking Not4 (Figure 26A, asterisks; performed by N. Sachs). Interestingly, the absence of
Ssb also resulted in derepressed translation upon amino acid deprivation to the same extent
as in not4Δ cells (Figure 26B, asterisks; performed by N. Sachs), whereas the absence of
NAC had no influence as the respective mutant cells behaved like the wild type (data not
shown). Thus, we conclude that both Not4 and Ssb are important for translational repression
after nutrient withdrawal.

Figure 26: Not4 and Ssb are required for fast translational repression upon nutrient withdrawal.
A) Absorbance traces at 254 nm are shown. Cells were grown to optical density (OD600) of 0.5 and shifted to
medium with or without 2% glucose. After 10 min incubation cycloheximide was added to stop translation and
polysome profiling was performed. B) Polysome profiles as in (A). Cells were cultured in SCD medium and
transferred to SCD or yeast nitrogen base (YNB) supplied with 2% glucose without amino acids (A and B
performed by N. Sachs).
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One characteristic of cells lacking Ssb is the aggregation of ribosomal proteins and
biogenesis factors (Koplin et al., 2010). Deletion of the gene encoding the nucleotide
exchange factor Sse1 also causes accumulation of insoluble proteins different from those
found in ssbΔ cells (Koplin et al., 2010). Since the formation of aggregates in the absence of
Not4 depends on ongoing protein synthesis [Figure 27A, performed by M. Bruderek; and
(Preissler & Reuther et al., 2015)] we isolated aggregated species from ssbΔ and sse1Δ cells
grown at either 30°C or 22°C (Figure 27B and C, performed by M. Bruderek). In contrast to
not4Δ cells, aggregates were also formed under conditions of reduced translational activity at
22°C when Ssb or Sse1 were absent. This suggests that the aggregated proteins in these
cells require the activity of the chaperones for correct folding. These results further highlight
the differences between Ssb and Not4 in the protein homeostasis network.

Figure 27: Protein aggregation in ssbΔ cells is independent of translation activity. A-C) Wild type (wt) and
not4Δ cells (A) as well as cells lacking Ssb (B) or Sse1 (C) were grown to mid log phase at 22°C or 30°C and
protein aggregates were prepared from equal volumes of normalized lysates. Aggregates and samples of the
normalized lysates (total) were applied to SDS-PAGE and proteins were visualized with CBB staining (A-C
performed by M. Bruderek).

In conclusion, both, Ssb and Not4 play highly important but yet distinct roles in translation
regulation at the ribosome (Figure 28). The results suggest that both proteins act in different
but partially overlapping pathways, since cells lacking both proteins exhibit synthetic lethality,
whereas the inhibitory effect on the expression of cotranslationally arrested polypeptides or
on translation upon nutrient withdrawal is similar in both strains. Not4 might specifically
regulate the expression of arrested proteins within an open reading frame, whereas Ssb is
involved in quality control of arrested proteins in general.
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Figure 28: Ssb and Not4 play distinct but overlapping roles in protein quality control at the ribosome.
Not4 acts in translational repression, has ubiquitination activity and might be involved in so far unknown
processes. Ssb is a ribosome-associated chaperone implied in de novo protein folding, ribosome biogenesis, and
translation. In addition, a role in cotranslational quality control is proposed. Here, Ssb and Not4 might collaborate
and exert overlapping functions.
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5. Discussion and outlook (part A)
5.1 Quality control processes at the yeast ribosome
In the recent years, many components of eukaryotic quality control processes acting during
translation have been identified and intensively studied. Amongst them are the two
conserved E3 ligases Ltn1 and Not4. Initially, both proteins were proposed to target arrested
polypeptides for proteasomal degradation. Meanwhile, biochemical and structural analyses
revealed that for this process Ltn1 is solely responsible, whereas the role of Not4 still
remained elusive (Bengtson & Joazeiro, 2010; Brandman et al., 2012; Lyumkis et al., 2013;
Shao et al., 2013; Shao & Hegde, 2014; Shao et al., 2015). Thus, we dissected the function
of Not4 in more detail and found that it is involved in the negative regulation of translation.
First, we discovered that Not4 and the Ccr4-Not complex specifically associate with
translating polysomes and that this interaction depends on the presence of nascent
polypeptides. As polysomal fractions likely contain stalled ribosomes arising from translation
of aberrant transcripts, we designed reporter constructs containing positively charged
polylysine segments to mimic transient arrest of protein synthesis. We compared their
expression in Not4 and Ltn1 deficient cells and found a synergistically increased production
of arrested nascent chains in the absence of both proteins compared to ltn1Δ single mutants.
These data suggest that Not4 acts in translational repression of polylysine-stalled
polypeptides. In addition, we observed that ubiquitination of arrest products strictly depends
on the E3 ligase Ltn1 and not on Not4, which is consistent with previous studies (Bengtson &
Joazeiro, 2010; Brandman et al., 2012).
These results are based on the analysis of polybasic arrest reporter constructs, yet, such
sequences might be rare in vivo. Ribosome stalling can also occur on endogenous
transcripts containing rare codons or secondary structures such as stem loops or on
sequences that encode regions with positively charged residues. It would be interesting to
identify endogenous proteins that cause cotranslational arrest during their synthesis and to
investigate whether their mRNAs are subject to Not4-dependent translation repression.
Transient ribosome stalling could also have a regulatory impact on downstream processes.
Indeed, translation has been found to be inhomogeneous (Ingolia et al., 2011) and transient
ribosome stalling events could serve to fine-tune protein expression and to coordinate
translation speed with cotranslational folding of nascent chains.
The localization of Not4 and the Ccr4-Not complex mainly in polysomal fractions of sucrose
gradients suggests that they are specifically recruited to stalled ribosomes to repress further
synthesis of defective proteins. The Ccr4-Not complex contains the deadenylases Ccr4 and
Caf1. Therefore, it is possible that besides mediating translational repression of polybasic
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proteins Not4 might promote deadenylation and turnover of certain mRNAs. Accordingly,
deletion of CCR4 and NOT4 in combination with LTN1, respectively, caused increased K12
mRNA levels albeit the protein levels were only marginally elevated in ccr4Δltn1Δ cells. Thus,
we conclude that slightly elevated reporter mRNA levels in not4Δ mutants did not account for
the strong accumulation of arrest products.
Another important finding was the impact of Not4 on cellular protein homeostasis as its
absence caused defects in overall translational repression upon nutrient deprivation and
severe translation-dependent accumulation of misfolded and aggregated proteins. In this
context, we found a functional connection between Not4 and the decapping machinery.
Strains lacking the decapping activator Dhh1 or expressing a mutated variant of the
decapping complex protein Dcp1 (Dcp1-34) exhibited similar defects in translational inhibition
of polylysine proteins. Interestingly, Dhh1 interacts physically with the Ccr4-Not complex
(Hata et al., 1998; Coller et al., 2001; Maillet & Collart, 2002), associates with polysomes
(Drummond et al., 2011) and Not4 as well as Dhh1 localize to cytoplasmic foci called
P-bodies where translationally repressed mRNAs are stored (Muhlrad & Parker, 2005;
Parker & Sheth, 2007). These data suggest that Not4 might exert its role by modulating
decapping or cap-dependent translation initiation, as the 5’ mRNA cap structure is essential
to initialize protein synthesis.
Although the heat shock response is induced, the loss of Not4 resulted in misregulation of
protein synthesis, translation-dependent protein aggregation and constitutive folding stress.
Interestingly, the loss of the decapping activator Dhh1 or mutation of the decapping protein
Dcp1 caused similar phenotypes. This suggests that Not4, Dhh1 and the decapping enzyme
act in the same pathway and that translational derepression is causative for the proteostatic
imbalance in the absence of these factors. This assumption is supported by the fact that
aggregation in not4Δ mutants was alleviated upon inhibition of translation. One explanation
for the severe phenotypes is that increased protein synthesis in the absence of Not4 might
overwhelm the chaperone network such that aggregation-prone proteins start to aggregate.
Alternatively, improper protein production might interfere with the maintenance of correct
protein ratios and increase the amount of proteins lacking their adequate binding partners (Li
et al., 2014).
Interestingly, despite Not4 is conserved, it is not stably associated with the Ccr4-Not complex
in higher eukaryotes since human Not4 lacks a segment in the C-terminus, which is critical
for binding to Not1 in yeast (Lau et al., 2009). Hence, it would be attractive to investigate
whether the roles of Not4 concerning translational repression and maintenance of
proteostasis depicted in this study are conserved among eukaryotic species.
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In order to get more insight into the functional relationship between Not4 and other
components of the Ccr4-Not complex we studied the Not module in more detail. Indeed, we
discovered that Not2 and Not5 exert a stabilizing function on Not4. Consequently, not2Δ and
not5Δ cells exhibited the same defects in translational repression of polylysine proteins and
were not able to inhibit protein synthesis after removal of amino acids from the growth
medium. Furthermore, cells lacking Not2, Not5 or Not4 also share similar aberrant
phenotypes such as growth defects at higher temperature and when exposed to drugs
inhibiting translation as well as induction of the heat shock response. The mass
spectrometric analysis of the aggregated proteins found in not2Δ, not5Δ and not4Δ cells
showed a large overlap. These results are in accordance with the localization of the three
Not proteins within the Ccr4-Not complex. Not2 and Not5 were shown to bind Not1 in close
proximity to but independent of Not4 (Bhaskar et al., 2015). Several other facts support the
interdependence of Not2, Not5 and Not4. Overexpression of Not4, for example,
complements growth defects of not1, not2 and not5 mutants (Collart & Struhl, 1994;
Oberholzer & Collart, 1998). Further, besides Not4 and decapping proteins also Not2 and
Not5 localize to P-bodies (Muhlrad & Parker, 2005; Parker & Sheth, 2007). In this context,
Not2, Not4 and Not5 were implicated in deadenylation-independent decapping of a certain
yeast mRNA (Muhlrad & Parker, 2005) corroborating the potential role of Not4 in translational
inhibition and decapping. Additionally, we showed that the C-terminus of Not4, which
interacts with the Ccr4-Not complex (Panasenko & Collart, 2011; Bhaskar et al., 2015), is
necessary to suppress the growth deficit and protein aggregation of not4Δ cells.
Altogether, these data strongly express that Not2 and Not5 form a functional subcomplex
together with Not4. To fully understand and prove this suggestion further structure-function
analyses are needed. So far, however, only one cryo-EM structure of the whole Ccr4-Not
complex is published. Its resolution is rather low since the complex seems to be highly
flexible (Nasertorabi et al., 2011). Additionally, several other studies solved the structures of
diverse complex parts such as Not1-Caf1-Ccr4 (Basquin et al., 2012), Not1-Not2-Not5 or
Not1-Not4 (Bhaskar et al., 2013; Bhaskar et al., 2015). Importantly, these data rely on
truncated versions of the respective proteins and consequently, structural data on the Ccr4Not complex that would represent the in vivo situation are still missing. Binding of Not2 and
Not5 to Not1 might cause structural rearrangements within the Ccr4-Not complex to create
an interaction platform for Not4. Therefore, a next step would be to purify the entire Ccr4-Not
complex or its individual components to obtain structures by cryo-EM or X-ray
crystallography. It would also be exciting to analyze the structure of the entire Not-module,
i.e. including all Not proteins. Since the Ccr4-Not complex seems to be dynamic and flexible
in general and the complex was shown to lose its integrity in the absence of Not2 and Not5,
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structural analyses would be demanding. Specific agents or crosslinks could be used to
increase the stability and homogeneity of the proteins.
Investigating a possible link between Not4 and the ribosome-associated Hsp70 Ssb in
cotranslational quality control revealed that cells lacking genes encoding both proteins are
not viable, suggesting that Not4 and Ssb play important roles but act in different pathways.
To further dissect these roles we expressed arrest reporter constructs in cells lacking Ssb
and Ltn1 and found that truncated and full-length arrested polypeptides arising from
translation of K12-M or K12-C mRNA, respectively, accumulated synergistically in this
mutant, similar to not4Δltn1Δ cells. In contrast to Not4, Ssb also seems to play a role in
quality control of non-stop proteins since these species also accumulated in ssbΔltn1Δ cells
pointing to different but partially overlapping roles of Not4 and Ssb. We could not detect
elevated levels of neither arrest construct in ssbΔ single mutants, which is contradictory to
another study (Chiabudini et al., 2012), so clearly, further investigations are needed to fully
understand the role of Ssb in quality control of arrested polypeptides. It is possible that
differences in reporter constructs or the length of the polylysine stretch (K12-M and K12-C in
contrast to Luc-Lys20) could lead to variable results concerning translation arrest in different
strains. Furthermore, the effects of Ssb on translation of polybasic segments could be
indirect as ribosome biogenesis and translation are impaired in ssbΔ cells (Albanèse et al.,
2010; Koplin et al., 2010). Defective ribosomes might be less capable to translate mRNAs
encoding proteins with positively charged residues and results concerning such effects
should be carefully interpreted. Nevertheless, Ssb is proposed to facilitate the translocation
of such proteins through the ribosome exit tunnel to overcome stalling, which is consistent
with its position at the exit site where it interacts i.a. with nascent chains that are slowly
translated (Willmund et al., 2013; Chiabudini et al., 2014). On the contrary, Not4 rather acts
on the mRNA level to repress translation of polylysine proteins in cooperation with decapping
proteins. In addition, albeit Not4 only associates with ribosomes containing nascent chains
and mRNA, data showing an interaction of Not4 with nascent chains are not available. It is
also necessary to get more insights into how Not4 and Ssb recognize stalled ribosomes,
respectively.
Ssb has been implicated in adaptation of translation in the absence of glucose via the kinase
SNF1 (von Plehwe et al., 2009) and we could show that ssbΔ cells are unable to shut down
protein synthesis upon amino acid removal similar to not4Δ mutants. Also impaired
translation in ssbΔ cells could lead to an altered or delayed response to nutrient starvation.
Another difference in the function of Not4 and Ssb is that, unlike in not4Δ cells, aggregate
formation in cells lacking Ssb is independent of ongoing translation. Moreover, in the
absence of Not4 a large number of proteins are found in aggregates, whereas in ssbΔ cells
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predominantly ribosomal proteins and ribosome biogenesis factors aggregate (Albanèse et
al., 2010; Koplin et al., 2010). In sum, these data highlight the functional differences between
Not4 and Ssb in cotranslational quality control and maintenance of protein homeostasis and
pave the way for future analyses. As the exact role of both proteins in these processes still
remains elusive further investigations are needed.
The mechanism of how Not4 regulates translation has yet to be discovered. One can
speculate that Not4 rather functions at translation initiation as cap-binding initiation factors
compete with the decapping machinery and decapping likely results in repression and
subsequent degradation of mRNAs (Schwartz & Parker, 1999; Schwartz & Parker, 2000;
Tharun & Parker, 2001). In a first approach to understand the mechanism that underlies
translational repression we analyzed whether capped reporter mRNAs accumulate in not4Δ
cells. As we could not detect uncapped mRNAs in our wild type strain, we reasoned that
probably these species were rapidly degraded by the 5’-3’ exonuclease Xrn1. Hence, it
would be interesting to use Xrn1-deficient yeast cells to analyze whether Not4 plays a role in
the decapping process. Interestingly, the Not module has been shown to be required for
deadenylation-independent decapping of EDC1 mRNA, which depends on a poly(U) tract in
its 3’ UTR (Muhlrad & Parker, 2005). Indeed, another study discovered a potential binding
site for uracil-rich RNA within the Not module (Bhaskar et al., 2013). Another aspect, which is
of particular importance, is to understand how Not4 and the Ccr4-Not complex are recruited
to polysomes or stalled 80S complexes and whether they interact directly with the ribosome
or with mRNA in close proximity to the ribosome. One possibility is that the subcomplex
composed of Not2, Not5 and Not4 is responsible for this recruitment. Alternatively, other
components of the Ccr4-Not complex could recruit Not4 to polysomes. Also the RNA
recognition motif in Not4 might contribute to its ribosome association by interaction with
mRNA in close proximity to the ribosome or rRNA. Indeed, recruitment to a special mRNA
has been shown for the translational repressor Rim4 in yeast. In addition to an RRM it
contains a prion-like domain in its unstructured C-terminus and forms amyloid-like
aggregates upon initiation of sporulation (Berchowitz et al., 2015). In this activated state
Rim4 mediates translational repression of CLB3 mRNA and several other mRNAs that
encode proteins required for the late stages of sporulation. Rim4 binds to the 5’UTR of CLB3
mRNA via its RRM. At the transition from meiosis I to meiosis II Rim4 is rapidly degraded
and translation of the CLB3 mRNA can proceed. Accordingly, an RRM-dependent
recruitment of Not4 to mRNAs is possible to mediate their translational repression.
Therefore, it would be interesting to investigate whether Not4 lacking its RRM or containing a
mutated version of it still associates with polysomes.
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With respect to the signal that mediates the recruitment of Not4 and the Ccr4-Not complex to
the polysomes several possibilities are conceivable. First, the sequence that causes
translational arrest could be responsible for the recruitment. This is unlikely, as it is hidden in
the exit tunnel when ribosome stalling occurs. Second, transient ribosome pausing during
polylysine synthesis might cause conformational rearrangements within the ribosomal exit
tunnel due to electrostatic attraction, which could serve as signal to recruit Not4 and the
Ccr4-Not complex. Indeed, structural changes within the PTC could be demonstrated for
SecM-mediated translation arrest in bacteria (Bhushan et al., 2011). The proteins uL4 and
uL22 that form the restriction site within the ribosomal tunnel (Nissen et al., 2000) might
sense translational arrest and send a signal to the outside of the ribosome for recruitment of
additional factors.
Also, the role of Not4’s E3-ligase activity in translational repression is unclear so far. It might
contribute to this process possibly by ubiquitination of factors involved in regulation of
translation. Although the vast majority of RING domain proteins are E3 ubiquitin ligases,
ubiquitination not only serves as degradation signal but can also mediate protein targeting,
kinase activation or signal transduction (Sadowski et al., 2012). Proteins with RING domains
can also mediate protein-protein interactions and serve as scaffold for the formation of larger
complexes (Borden, 2000; Brzovic et al., 2003; Poyurovsky et al., 2007). Hence, a function of
Not4 in mediating contacts to other factors involved in translational control is conceivable.
Furthermore, pull-down experiments with ribosome-bound Not4 or Ccr4-Not complex
coupled with deep-sequencing as well as ribosome profiling approaches with Not4 deficient
cells could help to identify mRNAs that undergo Not4-dependent translational repression. In
this context it would be interesting to know whether Not2 and Not5 are involved in substrate
recognition or interaction.
Ribosome profiling of cells lacking Ssb would also contribute to understand the differences to
Not4 in regulation of protein synthesis. In addition, in vitro assays with yeast RNCs could
help to determine affinities of Not4 as well as Ssb towards arrested nascent polypeptides.
Moreover, to avoid suppressor mutations that could complicate the phenotypic analysis of
not4Δ, ssbΔ or not4ΔssbΔ cells, conditional knockouts are needed to overcome this problem.
The role of Not4-mediated ubiquitination per se also remains unclear. Although some
substrates that are ubiquitinated by Not4 have been described in vitro, the in vivo relevance
of the E3 ligase activity often remains unknown (Panasenko et al., 2006; Panasenko et al.,
2009; Panasenko & Collart, 2012). Therefore, identification of cellular Not4 targets is
essential to dissect the role of Not4 in protein ubiquitination.
Although many details are still unknown, the findings of this work enrich the understanding of
how Not4 and the Ccr4-Not complex contribute to translational control and maintenance of a
healthy proteome.
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6. Results (part B)
6.1 A comparison of the folding of free and ribosome-tethered polypeptide
chains using limited proteolysis and mass spectrometry

Rajabi, K., Reuther, J., Deuerling, E., Radford, S. E., Ashcroft, A. E.
Protein Sci. 2015 Aug; 24(8): 1282-91
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1. Design and performance of molecular biological and biochemical experiments
2. Purification and biochemical analysis of all free SH3/SH3-m10 proteins and RNC
3. RNC stability tests under different conditions as prerequisite for mass spectrometry
4. Design, cloning and purification of GA98-RNCs
5. Discussion of experimental design and results
6. Proofreading the manuscript
Abbreviations: RNC, ribosome-nascent chain complex; SH3, Src-homology 3; MS, mass
spectrometry; nESI-MS, nanoelectrospray ionization mass spectrometry; CD, circular dichroism;
SASA, solvent-accessible surface area

6.1.1 Objective
The way of how nascent polypeptide chains fold directly upon their synthesis by ribosomes is
only poorly understood as protein folding is commonly investigated in vitro by refolding of
fully synthesized, denatured proteins. However, protein synthesis and folding in vivo has to
be tightly regulated as translation proceeds in a vectorial fashion beginning with the
N-terminus emerging first from the ribosome. This means, in contrast to full-length proteins,
that the sequence information is not complete unless the protein has been produced entirely.
Hence, cotranslational folding of nascent polypeptides might be different from refolding of its
denatured form since translation kinetics could either delay folding until the full sequence is
available, whereas other proteins might start to acquire their structure with even incomplete
folding information. Furthermore, the ribosome itself could exert a chaperoning function and
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alter the kinetics and/or thermodynamics of the folding process. Besides that, the ribosomal
tunnel exit region would be wide enough to allow for the formation of α-helical structures
(Kosolapov et al., 2004; Woolhead et al., 2004; Lu & Deutsch, 2005a; Lu & Deutsch, 2005b;
Tu & Deutsch, 2010; Wilson & Beckmann, 2011). Most single-domain proteins, for example,
have to emerge entirely from the ribosome before they start to fold (Eichmann et al., 2010).
By contrast, some proteins are proposed to form secondary or even tertiary structures shortly
after having passed the ribosomal tunnel exit (Frydman et al., 1999; Nicola et al., 1999).
In a previous study, the folding of ribosome-tethered and free Src-homology (SH3) domain of
α-spectrin and its unfolded variant SH3-m10 has been solved and compared using a highresolution NMR approach (Eichmann et al., 2010). SH3 consists of five β-strands and
obtains a compact β-sandwich structure. The NMR analysis of ribosome-nascent chain
complexes (RNCs) in bacterial cells revealed that SH3 does not start to fold until the entire
sequence information exits the ribosomal tunnel and that the ribosome itself has no direct
influence on SH3 folding. Based on these results we used limited proteolysis followed by
tandem mass spectrometry (MS/MS) as a new strategy to analyze the folding of free and
ribosome-bound SH3 and SH3-m10 in a proof of principle study. This approach is extremely
fast, highly sensitive, label-free and only minute amounts of the proteins to be analyzed are
needed.

6.1.2 Key findings and take home massages from this study
• The nESI-IMS-MS data indicate a compact fold of SH3, whereas SH3-m10 is unfolded.
• Less extensive digestion of SH3 and SH3-m10 is observed when tethered to ribosomes.
• Ribosome-bound SH3 exhibits a native-like structure. The N-terminus is more protected
compared to the free protein.
• The trypsin cleavage patterns of free SH3-m10 and SH3-m10-RNCs show a higher
degree of similarity compared to the respective SH3 variants.
• These results highlight the capability of this new approach to characterize peptides in
heterogeneous and complex samples, which are present in low amounts only and to
measure the conformational properties of free as well as of ribosome-tethered proteins.
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6.1.3 Experimental approach
Constructs used for structural analysis
In order to investigate cotranslational protein folding we generated stalled ribosome-nascent
chain complexes (RNCs) in E. coli as previously described (Figure 29A) (Eichmann et al.,
2010). Shortly, for purification a triple StrepII-tag at the N-terminus of the construct was fused
to a small ubiquitin-related modifier (Smt3) domain followed by a multiple cloning site (MCS)
where the nascent chain of interest can be inserted. To release nascent polypeptides from
the ribosomes a TEV protease recognition site was introduced after the MCS as well as an
8-residue linker that allows the full exposure and flexibility of the nascent proteins outside the
ribosome. The C-terminal end of the construct consists of the SecM peptide that contains the
stalling motif

150

FxxxxWIxxxxGIRAGP166 causing a strong point specific translation arrest

(Nakatogawa & Ito, 2002). In order to create an authentic N-terminus of the protein to be
analyzed Ulp1 protease can be added to cleave off the Strep-tag and the Smt3 domain.

Figure 29: Schematic and sequence of Src-homology 3 (SH3) domains on stalled ribosomes. A) Plasmid
based construct to express ribosome-nascent chain complexes (RNCs) on bacterial ribosomes (Eichmann et al.,
2010). The nascent chain contains an N-terminal 3xStrepII tag (red) followed by a Smt3 domain (green), a
multiple cloning site (MCS), a recognition site for the TEV protease (magenta), an eight amino acid residue linker
(yellow), and the SecM stalling peptide (gray). B) Amino acid sequences and the secondary structures of SH3
and SH3-m10. Peptides resulting from tryptic digest are indicated above the sequence. For example, T1
represents residues 1–7 following cleavage at the first basic site, K7. Red arrows indicate the location of the
β-strands within the protein sequence according to the crystal structure of SH3 (Musacchio et al., 1992). The
black arrows indicate the two point mutations W41G and W42V in SH3-m10. C) Crystal structure of the SH3
domain from α-spectrin (PDB 1SHG) with five antiparallel β-sheets (Musacchio et al., 1992).
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As model nascent chain we used the Src-homology 3 (SH3) domain of α-spectrin
(Figure 29). SH3 consists of 63 aa arranged in five antiparallel β-strands and has a
molecular weight of 7 kDa. Its folding kinetics and dynamics have been studied intensively in
the recent years and it is known that wild type SH3 folds into a compact, orthogonal βsandwich like structure (Viguera et al., 1994; Viguera et al., 1996). SH3-m10 is a mutant
variant of SH3, in which two point mutations (W41G and W42V) transform the compact fold
into a random coil-like order (Blanco et al., 1999). In order to compare the folding of
ribosome-tethered and free proteins, we also expressed the constructs without stalling
peptide (Eichmann et al., 2010). Since it has been demonstrated that SH3 but not SH3-m10
folds into a compact structure when exposed as a nascent chain at the ribosome (Hoffmann
et al., 2006; Eichmann et al., 2010), we used this established model system in a proof of
principle study to establish our new approach of limited proteolysis followed by mass
spectrometric analysis.

6.1.4 Results
In this study, we established a very close collaboration with the laboratory of Prof. S. Radford
and Prof. A. Ashcroft at the University of Leeds in Great Britain. All molecular biological and
biochemical experiments were designed, performed and evaluated by myself at the
University of Konstanz. Circular dichroism, limited proteolysis and mass spectrometric
measurements were designed, performed and evaluated by Dr. K. Rajabi, Prof. S. Radford
and Prof. A. Ashcroft at the University of Leeds, accompanied by intense and frequent
scientific discussions. The key results are briefly described in the following section.
Ribosome-bound and free SH3 and SH3-m10 proteins were expressed in E. coli and purified
as previously reported (Eichmann et al., 2010) without metabolic labeling of the nascent
chains as this is not necessary for mass spectrometric analysis.
First, conformational properties of free SH3 and SH3-m10 were studied using circular
dichroism spectroscopy (CD) and nanoelectrospray ionization-mass spectrometry (nESIMS). Far-UV CD analysis of SH3 revealed two characteristic negative maxima for the native
protein (Viguera et al., 1994). For SH3-m10, however, the CD spectrum showed one
dominant negative maximum indicating an unfolded state as expected (data not shown).
We further examined the conformational features of the isolated SH3 and SH3-m10 proteins
by nESI-MS. The experimental procedure is depicted in Figure 30. As anticipated for the
charge-to-mass correlation of a folded, compact protein (Gamero-Castano & de la Mora,
2000) three charge states were detected for SH3. By contrast, the charge state distribution
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for SH3-m10 was broader suggesting a more extended and flexible nature of the unfolded
protein variant (data not shown).

Figure 30: Experimental procedure for the limited proteolysis of RNCs. RNCs were buffer exchanged into
56 mM ammonium acetate and 4 mM magnesium acetate at 48°C and then subjected to limited proteolysis with
trypsin (pH 6.8, 20°C). The resulting peptide fragments were separated from intact RNCs in the filtrate collection
tube of a second filter and buffer exchanged into 50 mM ammonium acetate. To fix the digestion time at 10 min,
the filtrate collection tube was supplied with 10 ml of 50% formic acid and 20 ml of acetonitrile prior to collecting
the digested peptides.

Next, we investigated whether the structural differences between free SH3 and SH3-m10
have an impact on their accessibility to proteases. The protein samples were digested with
trypsin for 10 minutes with varying protein:trypsin ratios, subsequently analyzed by nESIMS/MS, and the resulting peptides were sequenced to obtain more insight into the folding
status of the free proteins. Time-resolved limited proteolysis MS data revealed, as
anticipated, that folded SH3 was less susceptible to proteolysis compared to SH3-m10
(Figure 31A). For SH3 the first tryptic cleavage occurs at arginine residue 22 (R22), which
resides in the long interconnecting loop between the first two β-strands (Musacchio et al.,
1992) representing the region most accessible to the protease (Figure 31A, performed by K.
Rajabi). We could link this observation to the conformational feature of SH3, as the
calculation of the solvent-accessible surface area (SASA) was highest for R22. Tryptic digest
at residues K7 and K40 could not be detected although their SASA scores were relatively
high meaning that both residues should be accessible to tryptic proteolysis. These residues
reside either before the first or the third β-strand, respectively, and might be protected by
secondary structure and/or dynamics of the protein. Proteolytic digest of SH3-m10 took place
at a much faster rate compared to SH3 under identical conditions. Increasing the
protein:trypsin ratio revealed more details about the protein cleavage process (Figure 31B,
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performed by K. Rajabi). K60 was identified as the most accessible digestion site, whereas
no cleavage occurred at K7 and K40 although SH3-m10 is unstructured. So far, these data
suggest that the trypsin cleavage rate as well as the order of appearing peptides, i.e.
cleavage sites, are different for SH3 and SH3-m10, respectively. Hence, R22 in the
unstructured loop of native SH3 and the C-terminal K60 of SH3-m10 are the most exposed
residues.

Figure 31: Trypsic digest of SH3 and SH3-m10. Limited proteolysis was performed in 50 mM ammonium
acetate (pH 6.8, 20°C) with a protein:trypsin ratio of 130:1 (w/w) followed by ESI-MS analysis. Samples were
taken at indicated time points and mass spectra of A) SH3, and B) SH3-m10 were recorded (performed by K.
Rajabi).
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Figure 32: A comparison of limited proteolysis of SH3 and SH3-RNCs. A) Peptide fragments obtained from
tryptic digest (50 mM ammonium acetate, pH 6.8, 20°C) of SH3 (red peaks) and SH3-RNCs (black peaks)
[protein:trypsin ratio 700:1 (w/w)] were analyzed by nESI-MS. B) The amino acid sequence of SH3 shows the
location of the five β-strands (red arrows) and the fragment maps of free SH3 and SH3-RNCs. Peptides detected
for SH3 only (blue); peptides detected for SH3-RNCs only (green); peptides detected for both samples (gray)
(performed by K. Rajabi).

Since the ribosome itself could alter the cotranslational folding dynamics of a nascent chain,
for example, by direct interactions either within or outside of the exit tunnel, we compared
ribosome-tethered and free proteins using limited proteolysis and nESI-MS/MS. The fact that
the nascent chain represents only about 0.3 % of the total RNC mass challenges MS data
evaluation as peptides originating from ribosome digestion give strong background signals.
Therefore, the RNC:trypsin ratio was titrated and kept high to minimize digestion of ribosomal
proteins. After optimization of the digestion parameters (ratio 700:1 for 10 min) SH3-RNCs
and free SH3 proteins were analyzed independently by nESI-MS/MS under identical
conditions (Figure 32, performed by K. Rajabi). As expected, several peaks originating from
ribosomal peptides provided extra signals (Figure 32A). Nevertheless, the resulting peptides
derived from both samples revealed similar fragmentation patterns at the N- and C-terminal
ends, i.e. trypsin digestion occurred at similar sites (Figure 32B). Free SH3, however, was
hydrolyzed at higher rates and more peptides were obtained compared to SH3-RNCs (Figure
32A and B). An exception for SH3-RNCs was that the first N-terminal lysine residue (K7) was
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not cleaved suggesting that the SH3 N-terminus might be more protected when tethered to
the ribosome. Indeed, in the native fold, N- and C-terminus of SH3 are in close proximity
(Viguera et al., 1995; Eichmann et al., 2010). For free SH3 all potential cleavage sites could
be identified. Taken together, these results indicate that the ribosome-bound SH3 folds into a
native β-sheet like structure as is characteristic for free SH3, which is in accordance with
previous NMR studies (Eichmann et al., 2010).
The structural features of free and ribosome-associated SH3-m10 were analyzed using
similar proteolytic conditions. The obtained peptide patterns after tryptic digest of free and
ribosome-attached proteins were more similar compared to the corresponding SH3 proteins,
although only seven out of ten trypsin recognition sites were cleaved in SH3-m10 and SH3m10-RNCs (Figure 33A and B, performed by K. Rajabi). For the free protein, further peptides
were identified, whereas K7 and K40 were not hydrolyzed in either free or ribosome-tethered
SH3-m10. This suggests that SH3-m10 is fully exposed at its C-terminus and that the
ribosome does not interact with the nascent protein. As observed for SH3, peptides derived
from free SH3-m10 were similar to those of SH3-m10-RNCs but were more abundant for the
free protein (Figure 33B). Moreover, SH3-m10-RNCs were cleaved more extensively
compared to SH3-RNCs, which makes sense as SH3 attains a more compact structure at
the ribosome than the unfolded variant (Figures 32 and 33).
In order to show whether the proteolytic digest of ribosomal proteins impairs trypsin cleavage
of SH3-RNCs or SH3-m10 RNCs we performed a control experiment using a mixture of free
SH3-m10 and RNCs exposing a different protein [GA98-RNCs; (He et al., 2012)]. Using
nESI-MS/MS we found that cleavage of SH3-m10 was not altered in the presence of GA98RNCs.
In summary, by using the established SH3/SH3-m10 RNC system, we could prove that
limited proteolysis coupled with MS analysis is a suitable tool to investigate cotranslational
folding of nascent polypeptides. Our findings are consistent with previous NMR studies that
solved the structure of SH3 at the E. coli ribosome at the atomic level (Eichmann et al.,
2010). Advantages of this new method are the high speed and sensitivity of the
measurements and the ability to identify the low abundant peptides derived from nascent
chains in heterogeneous samples. Moreover, expensive labeling of proteins can be omitted.
The fast and straightforward procedure captures the nascent chain in its native structure,
reduces time-dependent conformational changes and enables precise structural analysis.
Using a site-specific protease such as trypsin even small differences in the structure of a
protein can be identified. The presented results highlight the suitability of limited proteolysis
and nESI-MS/MS to analyze the conformational properties of complex samples.
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Figure 33: A comparison of limited proteolysis of SH3-m10 and SH3-m10-RNCs. A) Peptide fragments
obtained from limited trypsin proteolysis (50 mM ammonium acetate, pH 6.8, 208C) of SH3-m10 (red peaks) and
SH3-m10-RNCs (black peaks) (protein:trypsin, 700:1 w/w) were analyzed by nESI-MS. B) The amino acid
sequence of SH3-m10 indicates the location of the five β-strands in native SH3 (red arrows) and the fragment
maps of free SH3-m10 and SH3-m10-RNC. Peptides detected for SH3-m10 only (green); peptides detected for
SH3-m10-RNCs only (blue); peptides detected for both (gray) (performed by K. Rajabi).
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6.2 Fast photochemical oxidation of proteins and mass spectrometry to
distinguish between the protein topology of SH3 and SH3-m10
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6.2.1 Objective
Fast photochemical oxidation of proteins (FPOP) coupled with mass spectrometry (MS) has
become a powerful tool to determine the kinetics of the solvent accessibility of a protein
during its folding process on a microsecond time scale (Stocks & Konermann, 2010; Wu &
Lapidus, 2013; Poor et al., 2014). A laser pulse triggers photolysis of a diluted hydrogen
peroxide solution resulting in the production of hydroxyl radicals, which rapidly react with
surface-exposed amino acid side-chains, whereas protected sites are labeled to a lesser
extent. Importantly, labeling should occur before protein molecules begin to rearrange their
conformation. The resulting alteration in mass can be tracked by mass spectrometry and
changes in oxidation site and extent versus time are a measure for time-resolved folding
kinetics allowing the analysis of protein dynamics (Stocks & Konermann, 2010).
Thus, we sought to establish and optimize this method to compare footprinting data of the
SH3 domain of α-spectrin that folds into five compact antiparallel β-strands and its random
coil variant SH3-m10 that harbors two point mutations (Blanco et al., 1999).
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6.2.2 Key findings and take home messages from this study
• During FPOP, hydroxyl radicals produced by UV laser photolysis of a diluted H2O2
solution label the surface-accessible amino acid side chains of a protein irreversibly.
Subsequent MS analysis reports on the protein’s conformation.
• The folded SH3 protein and its random-coil variant SH3-m10 were used to optimize the
experimental parameters such that labeling occurs prior to conformational changes of the
protein and to obtain a single exposure regime.
• The analysis of intact proteins and a bottom-up approach demonstrate that FPOP-MS is
an accurate, reliable and unbiased technique to distinguish folded from unfolded proteins.

6.2.3 The fast photochemical oxidation of proteins (FPOP) approach
Fast photochemical oxidation of proteins (FPOP) coupled to mass spectrometry (MS) is a
powerful method to examine protein folding in solution. During FPOP, solvent-exposed
amino acid side chains are covalently labeled by radicals. Residues at a protein’s surface are
more accessible and undergo a more extensive modification than those protected in its
interior. This means that the more compact a protein folds the less labeling occurs. A UV
laser pulse induces rapid photolysis of a dilute hydrogen peroxide solution and the generated
radicals react irreversibly with amino acids. Following proteolysis of the protein samples, the
modifications are finally identified and quantified via MS. Since the protection of amino acid
side chains changes with time and folding, measuring at different time points provides timeresolved kinetic data allowing the reconstruction of a protein’s folding pathway. This method
is a robust and powerful tool to study protein-folding dynamics on a microsecond timescale
(Chen et al., 2012; Rajabi et al., 2015a).
Hydroxyl radicals are very suitable to probe proteins as they have a size comparable to water
molecules, diffuse fastly in aqueous solutions, usually display low specificity towards different
amino acids and covalent modification of solvent-accessible residues occurs without causing
backbone cleavages (Rajabi et al., 2015a).
The reactivity of side chains towards oxidation differs between amino acids, however, 14 out
of the 20 side chains can be modified by radicals (Takamoto & Chance, 2006; Xu & Chance,
2007). Exposure of proteins to hydroxyl radicals mostly leads to incorporation of hydroxyl or
oxo groups accompanied by a mass shift of +16 or +14 Da, respectively. Sulfur atoms in
methionine or cysteine are generally most reactive followed by aromatic and aliphatic
residues. Multiple additions of hydroxyl radicals into aromatic side chains can cause
multiples of 16 Da increase in mass (i.e. +32, +48). Labeling of some amino acids such as
cysteine results in a negative charge lowering the ability to be ionized during MS analysis in
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positive ion mode. Moreover, reaction of arginine with hydroxyl radicals may lead to the loss
of a positive charge of the protein that is disadvantageous for tryptic digestion and MS
detection in positive ion mode. Despite these caveats, FPOP-MS is an attractive technique in
structural biology to map protein-folding kinetics with single residue resolution (Vahidi et al.,
2013; Wu & Lapidus, 2013). In this study, FPOP-MS was carefully established and applied to
compare footprinting data for the compactly folded SH3 domain of α-spectrin and its random
coil mutant SH3-m10. Calculation of the solvent accessible surface area (SASA) and the
chemical properties of exposed amino acid residues were combined with hydroxyl radical
footprinting data. FPOP-MS allows an unbiased and accurate evaluation of protein folding
and paves the way for future analyses of cotranslational folding of proteins tethered to
ribosomes.

6.2.4 Results
FPOP-MS was established in a close collaboration by Dr. K. Rajabi in the laboratories of
Prof. S. Radford and Prof. A. Ashcroft at the University of Leeds in Great Britain. SH3 and
SH3-m10 were purified and biochemically analyzed by myself. Dr. K. Rajabi performed and
optimized FPOP-MS and evaluated the obtained data accompanied by frequent scientific
discussions between our laboratories. The results of FPOP-MS on SH3 and SH3-m10 are
summarized in the following sections.

Optimization studies
The SH3 domain of α-spectrin that folds into a compact β-barrel structure (Figure 29B and C)
was used to evaluate and optimize different parameters that might affect the extent and type
of hydroxyl radical modification of amino acid side chains. Figure 34 shows the experimental
design. Finding the right oxidation parameters is challenging since insufficient oxidation with
hydroxyl radicals can lead to detection problems. On the contrary, high oxidation levels can
result in conformational changes within the protein or even protein unfolding. Therefore, it is
very important to carefully choose conditions that reduce the exposure time of the proteins to
peroxide and allow only one single oxidation event to occur for each amino acid residue.
Parameters that could alter the oxidation levels are laser frequency, protein concentration or
fold and the concentration of hydrogen peroxide. The addition of glutamine, which serves as
scavenger to minimize further reactions of oxidized amino acids with •OH radicals,
guarantees faster FPOP footprinting than protein unfolding and shifts the product distribution
towards a mono-oxidized state. Thus, the oxidation levels during the FPOP experiment were
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adapted by systematic variation of the mentioned parameters using constant protein
concentrations (10 µM) and flow rates (20 µl/min) (data not shown). The optimized
experimental FPOP settings were finally combined to achieve the incorporation of single
oxygen atoms in SH3 and to minimize the shift of the products to higher states of
modification. Finally, the labeled samples were applied to static nano electrospray ionization
(nESI-MS) or data-dependent reverse-phase liquid chromatography coupled to MS (LCMS/MS).

Figure 34: Schematic representation of the FPOP experimental set-up. 1: syringe containing a solution of
protein, H2O2 and glutamine, 2: fused silica capillary, 3: irradiation window, 4: collection tube, 5: convex lens. The
incident of the laser beam is perpendicular to the fused silica capillary. The inset shows a magnified view of the
region around the irradiation window. The polyimide capillary coating is shown in orange. The capillary coating is
removed to create the irradiation window (3.0 mm). A sequence of irradiated flow segments generated by
successive laser pulses (KrF excimer laser 248 nm) is shown in green. Proteins are shown as grey cartoons.

Comparison of SH3 and SH3-m10 using FPOP-MS
As we aimed to investigate whether FPOP coupled with MS is a suitable method to
investigate the folding dynamics of proteins with different structures we compared
footprinting data of native SH3 with those of its point mutant SH3-m10 adapting a random
coil like structure.
The mass spectra for the +5 charge state ions of SH3 and SH3-m10 in the absence and
presence of a laser pulse are shown in Figure 35 (performed by K. Rajabi). Here, also two
additional small peaks appeared independent of the presence of hydrogen peroxide in the
solution. One of them corresponds to a mass shift of +16 Da that could arise from chemical
oxidation during sample preparation or electrolysis of water during nESI-MS (Morand et al.,
1993; Bateman, 1999; Maleknia et al., 1999). The second peak arises from a mass shift of
+23 and might be a result from residual sodium adducts that are commonly formed during
electrospray ionization. Mass spectra after FPOP revealed that for both protein variants the
loss of hydroxyl and oxo groups resulted in the generation of additional products with m/z
values that are smaller than those of unoxidized proteins (Figure 35). Although the relative
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normalized intensities for the unoxidized proteins were similar for SH3 and SH3-m10, the
footprinting patterns showed significant differences. Under identical conditions, SH3 was
oxidized at up to seven sites, whereas SH3-m10 showed oxidation at up to four sites per
protein. Further, the intensity ratio of the proteins with a single oxidation to unoxidized protein
was higher for SH3-m10 compared to the folded protein.

Figure 35: nESI mass spectra of SH3 and SH3-m10. Mass spectra of SH3 (bottom) and SH3-m10 (top) (10 µM
in 20 mM ammonium acetate) carrying +5 charges were recorded in the absence (red) and presence (black) of
KrF laser (λ=248 nm) (performed by K. Rajabi).

The differences in both footprinting patterns can arise from the compact structure of SH3.
Some reactive side chains are hidden inside the protein and, thus, are protected from
oxidation, whereas the loop regions are rather variable and more susceptible to modification
(Musacchio et al., 1992; Rajabi et al., 2015b). On the contrary, SH3-m10 adopts a random
coil like structure with a highly dynamic conformation. The distribution of oxidation products
should normally resemble a Poisson distribution (Gau et al., 2009) when the FPOP
experiment is well controlled, meaning that protein oxidation footprints occur faster than
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protein unfolding. While this was the case for correctly folded SH3, the distribution of
oxidized product peaks for SH3-m10 differed from a Poisson distribution (Figure 35, top).
This is due to the fact that, compared to the wild type protein, the positions of some side
chains are altered with respect to their solvent accessibility in the random coil mutant. If such
residues were also intrinsically reactive towards hydroxyl radicals, their oxidation footprint
pattern would differ from that of the native protein. Moreover, in the SH3-m10 mutant two
highly reactive tryptophane residues were replaced with a glycine and valine that are both
less reactive.
Together, comparison of the footprinting data revealed that FPOP-MS is a suitable method to
distinguish between a folded and an unfolded conformation of nearly identical proteins.

Achieving a single exposure regime on the SH3 footprinting pattern
A single exposure regime describes the state where all exposed amino acid residues of a
protein are oxidized in a single event. Such a scenario is difficult to achieve since once
oxidized, proteins are more susceptible to further oxidation. Moreover, as the solution inside
the capillary flows in a parabolic manner a part of the sample is exposed multiple times to the
laser. Therefore, the irradiation window was set to 4 mm. With this value the volume of the
sample that is exposed to multiple laser pulses is smallest for the used capillary. Using these
setting, a solution of 10 µM SH3, 15 mM glutamine, 6 mM H2O2 and 20 mM ammonium
acetate (these parameters were most suitable in the optimization study) was irradiated with a
laser frequency of 15 Hz and compared to footprinting data performed without single regime
conditions (Figure 36, performed by K. Rajabi). Indeed, in comparison to the previously used
FPOP conditions (Figure 36A) predominantly mono-oxidized SH3 was detected upon
adjusting the laser pulse window to 4 mm (Figure 36B). To further test the effect of the
irradiation window on the footprinting pattern of SH3 it was slightly moved away from the lens
towards the focal point, however, the pattern of the peaks did not change notably
(Figure 36C). Further decreasing the irradiation window to 2 mm resulted in a mainly monooxidized product and the multiply oxidized species diminished (Figure 36D). This implies that
the size of the irradiation window has a bigger impact on the footprinting pattern than its
position.
Thus, carefully designing and calculating the experimental parameters is beneficial to
achieve a single exposure regime. In addition, up to four oxides were added per protein and
also peaks at lower m/z values were visible resulting from a reduction in mass.
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Figure 36: nESI mass spectra of SH3 and its FPOP oxidized analogues. SH3 (10 µM in 20 mM ammonium
acetate) carrying +5 charges under A) “normal” FPOP conditions, B) a single exposure regime with a 4.0 mm
irradiation window located at F1/2, C) a single exposure regime with the irradiation window of 4.0 mm slightly
moved away from the lens and D) a single exposure regime with 2.0 mm irradiation window located at F1/2
(performed by K. Rajabi).

Comparison of the FPOP-MS footprinting data of SH3 and SH3-m10 on the amino acid
level
Next, a bottom-up approach was applied to identify the residues of SH3 and SH3-m10 that
were modified by FPOP (Figure 37). Here we used 10 µM protein, 15 mM glutamine, 6 mM
H2O2 and 20 mM ammonium acetate. As we noticed that trypsin is not as reactive for
modified arginine and lysine residues, the oxidized samples were digested sequentially with
trypsin and GluC (cuts after glutamate and aspartate residues) to obtain the maximal peptide
sequence coverage. Then, reverse-phase liquid chromatography (LC) was used to separate
the resulting peptides, since labeled peptides are supposed to elute earlier than unoxidized
species due to an increase in polarity. Upon LC, mass spectrometry was applied to

104

Results (B)
determine the exact masses of the modified peptides and to identify the modification sites by
peptide fragmentation (MS/MS). In order to locate the oxidation sites correctly, the LCMS/MS data were analyzed by PEAKS Studio 7 or manually.

Figure 37: Schematic representation of the FPOP work flow and data analysis. After footprinting of the
unmodified protein (green) with •OH radicals (red/blue are modifications on the protein), it is digested with trypsin
and with GluC. The peptide mixtures were separated by LC-MS. The labeled peptides (red) elute earlier than the
unmodified peptides (black) in reverse-phase LC. LC is coupled directly to MS to determine the accurate masses
of peptides and to locate the modification site(s) by peptide fragmentation (MS/MS). The data are analyzed by
PEAKS Studio 7 and BioLynx software packages (performed by K. Rajabi).

Although SH3 as well as the random coil mutant SH3-m10 exhibited numerous modifications
distributed along their sequence, the loop regions of SH3 were modified more often
compared to the respective regions in SH3-m10 (Figure 38, compare black and grey boxes,
performed by K. Rajabi). In contrast, the amino acids that are part of the β-sheets of SH3
were labeled to a lesser extent consistent with the burial of amino acids inside the protein
(Figure 38, top). Such selectivity could not be detected for SH3-m10 pointing to a more
random distribution of the oxidized side chains (Figure 38, bottom). Next, the solvent
accessible surface area (SASA) of SH3 residues (Figure 38, grey line) was calculated to
further investigate the relationship between the FPOP footprinting map and the conformation
as well as the intrinsic oxidation rates of the proteins. Besides solvent exposure we also
considered the reactivity of each amino acid residue towards hydroxyl radicals (Figure 38,
green line). We found that amino acids with a high SASA were also oxidized and the SASA
values were higher for the residues in the long interconnecting loop between the first two
β-strands (Figure 38, blue box). In order to correlate the footprinting data of SH3 with SASA
and oxidation rate of individual residues, four groups were defined. The first group
constitutes side chains with high SASA and high oxidation rate and the second group
residues with high SASA but low modification rates. The third group comprises low SASA
values as well as low oxidation rates and in the last group residues are found that possess
low SASA but are highly susceptible to oxidation. In sum, the data suggest that when SASA
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and oxidation rate are high the amino acid side chain is highly prone to be modified by
hydroxyl radicals. With low SASA and high intrinsic oxidation rate the residue can be
oxidized, whereas high SASA but low oxidation rate means that most residues undergo
FPOP. In case of low SASA and low modification rates the side chain remains unmodified.
For SH3-m10 the correlation between footprinting pattern and oxidation rates was not as
obvious since all residues with high oxidation rate were modified and further modifications
were distributed across the amino acid sequence confirming its unfolded, random coil-like
structure.
Altogether, the obtained data reveal that the residues modified during FPOP are located in
the exposed loop regions of SH3, which is in accordance with our previous data on limited
proteolysis MS of SH3 (Rajabi et al., 2015b). Upon careful optimization of the experimental
parameters, FPOP-MS is a reliable and accurate technique to study the conformation of a
protein and thus provides a powerful tool in structural biology.
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Figure 38: Footprinting map of SH3 (top, black bars) and SH3-m10 (bottom, grey bars). The y axis shows
the number of times a residue underwent modification in at least three replicate FPOP experiments. The
secondary structure of SH3 is shown on the upper part of the graph. Green letters indicate β-strands. The blue
box depicts residues not covered in PEAKS 7.0 data analysis. The calculated SASA of all SH3 residues is shown
as grey line in the upper part of the graph. The relative oxidation rates of each amino acid is shown as green line
in the lower part of the graph. Dashed horizontal lines indicate the threshold for high SASA and oxidation rates
(performed by K. Rajabi).
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6.3 Approaches to generate ribosome-nascent chain complexes in
S. cerevisiae to analyze cotranslational protein folding

6.3.1 Objective
Many proteins start to fold during their synthesis by ribosomes. Due to high concentrations
of macromolecules in a cellular environment the propensity of incompletely synthesized
proteins to misfold is enhanced. This can be detrimental for cellular protein homeostasis
(Hartl & Hayer-Hartl, 2009). Remarkably, protein folding in bacteria rather seems to be a
posttranslational process at least for certain protein types (Netzer & Hartl, 1997). On the
contrary, it has been suggested that cotranslational folding of certain eukaryotic multidomain
proteins occurs sequentially and domain-wise (Frydman et al., 1999; Nicola et al., 1999).
Although cotranslational protein folding has been investigated for many years (Dobson &
Karplus, 1999; Hartl & Hayer-Hartl, 2009), the process is still poorly understood, especially
in living cells. In the past, several studies investigated SecM-arrested ribosome-nascent
chain complexes (RNCs) to gain more insight into the folding of newly synthesized proteins
in bacteria (Raine et al., 2006; Schaffitzel & Ban, 2007; Rutkowska et al., 2009; Eichmann et
al., 2010; Hoffmann et al., 2012; Becker et al., 2013). As described in the previous chapters,
eukaryotic cells are equipped with many cotranslational quality control systems and backup
mechanisms that recycle stalled ribosomes and eliminate arrested polypeptides (Graille &
Séraphin, 2012; Shoemaker & Green, 2012). Therefore, the generation of yeast RNCs in
vivo for structural analysis is more challenging since an adequate tool to stall ribosomes in a
quantitative manner has not been found so far. The goal of this study was to test different
strategies that allow quantitative cotranslational ribosome stalling and the purification of
RNCs in yeast for subsequent structural and functional analysis.

6.3.2 Results
The following sections summarize several approaches that were pursued in vivo to generate
RNCs in yeast.
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Ribosome stalling by segments of rare codons or negatively charged amino acids
Previous studies showed that ribosomes stall at stretches of at least ten consecutive lysine
or arginine residues due to electrostatic interactions with the negatively charged rRNA in the
ribosomal exit tunnel (Ito-Harashima et al., 2007; Lu et al., 2007). The amount of arrested
polypeptides is increased in the absence of the ribosome-associated E3 ligase Ltn1 that
ubiquitinates arrested nascent chains at the ribosome, and Not4, which is involved in
translational repression of cotranslationally arrested proteins (Bengtson & Joazeiro, 2010;
Preissler & Reuther et al., 2015). Importantly, translational arrest at polybasic residues is not
point specific and only transient, indicating that ribosomes can manage to overcome this
barrier (Lu & Deutsch, 2008). Purification of polylysine-stalled ribosomes would, therefore,
yield an inhomogeneous population of RNCs, which would complicate structural analyses.
Moreover, we could show that only small amounts of arrested nascent chains are detectable
at ribosomes, whereas the major portion is released into the cytosol probably by ribosome
recycling factors (Figure 11E).
In order to find out whether ribosome stalling can be achieved in a quantitative manner by
translation of rare codons we inserted stretches of rare alanine (GFP-A12-Flag-His3; called
hereafter A12-M) as well as cysteine codons (GFP-C12-Flag-His3; called hereafter C12-M)
in the reporter constructs between GFP and the Flag-tag and expressed them in cells
lacking Ltn1 and/or Not4 (Figure 39). As a control for translational arrest we expressed the
K12-M construct (Figure 11A) in not4Δltn1Δ cells. Full-length (~55 kDa) and truncated
proteins (~27 kDa) were immunodetected with GFP- and Flag-specific antibodies. The fulllength A12-M and C12-M proteins were efficiently produced at high levels in all strains
compared to the K12-M protein (Figure 39A and B). Although truncated products could be
detected for both constructs, these might have originated from posttranslational cleavage or
unspecific interactions of the antibody, as they did not accumulate in ltn1Δ cells. Therefore,
neither translation of the A12-M nor the C12-M construct caused efficient ribosome stalling,
as it might be too weak or transient.
Among the aggregated proteins accumulating in the absence of Not4 (Figure 16C) we found
the protein Sec7 that harbors peculiar stretches of multiple negatively charged aspartate and
glutamate residues. Theoretically, negative charges would cause an electrostatic repulsion
upon their synthesis due to the negative environment of the ribosome exit tunnel, which
might cause a translational arrest (Lu et al., 2007; Sabi & Tuller, 2015). We, therefore,
expressed a reporter construct with fourteen glutamates (GFP-E14-Flag-His3; hereafter
called E14-M) as well as one with a Sec7-derived segment containing several aspartate and
glutamate residues (GFP-DE-Flag-His3; hereafter called DE-M) in cells lacking Ltn1 and/or
Not4 (Figure 39C and D). The K12-M construct again served as a control for the detection of
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arrest products. For both, the E14-M and the DE-M reporter, the full-length proteins were
efficiently expressed, whereas no specific signals for the truncated arrest products (~29 kDa)
were visible in ltn1Δ and not4Δltn1Δ cells upon detection with GFP-specific antibodies.
In conclusion, rare codons as well as negatively charged residues are not suitable to stall
ribosomes in a stable and quantitative manner.

Figure 39: Rare codons and negatively charged residues are not suitable to stall ribosomes. A - D) Yeast
cells expressing either the GFP-A12-Flag-His3 (A12-M) (A), GFP-C12-Flag-His3 (C12-M) (B), GFP-E12-FlagHis3 (E14-M) (C) or the GFP-DE-Flag-His3 (DE-M) (D) reporter construct were grown in SCD -His to an optical
density (OD600) of 0.8, and normalized lysates were analyzed by Western blotting. A not4Δltn1Δ strain expressing
GFP-K12-Flag-His3 (K12-M) served as control. GFP-specific (α-GFP) and Flag-specific (α-Flag) antibodies were
used to detect full-length proteins and translation arrest products. β-NAC was detected as a loading control. The
asterisks mark degradation products. Similar results were obtained in two separate experiments.

Ribosome stalling by truncated mRNA
In several in vitro studies eukaryotic RNCs were produced using truncated mRNAs that
cause ribosome stalling at their 3’ end (Shao et al., 2013; Shao & Hegde, 2014; Shao et al.,
2015). One approach to generate truncated mRNAs in vivo is the insertion of a hammerhead
ribozyme (Rz) in an ORF that results in an autocatalytic cleavage of the mRNA in cis (Egli &
Braus, 1994; Düvel et al., 2002). Ribosomes stalled at the 3’ ends of mRNAs are substrates
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for no-go mediated decay and are disassembled by the interdependent release factor
homologs Dom34 and Hbs1 (Tsuboi et al., 2012). To minimize ribosome splitting and
ubiquitination of arrest proteins by Ltn1 we expressed a construct containing an Rz
sequence between GFP and Flag (GFP-Rz-Flag-His3; hereafter called Rz-M) in ltn1Δ,
ltn1Δdom34Δ as well as ltn1Δhbs1Δ cells. Ribosomes were separated by ultracentrifugation
via a sucrose cushion to analyze cotranslational arrest (Figure 40). In wild type and the ltn1Δ
single knockout no truncated nascent chains could be detected at the ribosome with GFPspecific antibodies. This was also the case for both double mutant strains. In order to avoid
suppressor mutations we expressed the same construct with an inducible GAL1 promoter
instead of the constitutive GPD promoter, however, truncated arrest products were absent
from the ribosomal samples as well (data not shown). This suggests that arrested
polypeptides

are

very

rapidly

released

and

escape

Ltn1-mediated

ubiquitination.

Furthermore, another backup mechanism might exist to rescue stalled ribosomes, possibly
acting via release factors that usually terminate translation.

Figure 40: Truncated mRNA is not suitable to generate yeast ribosome-nascent chain complexes (RNCs)
in vivo. Yeast cells expressing the Rz-M ribosome-stalling reporter were grown to mid-log phase, equal volumes
of normalized lysates were layered on top of a 20% sucrose cushion and ribosomes were sedimented by
ultracentrifugation. Ribosomal pellets (R) were resuspended and equal amounts of ribosomes as well as samples
of precipitated supernatants (S) and normalized lysates (T) were applied to Western blot analysis using GFPspecific antibodies (α-GFP). Glucose-6-phosphate-dehydrogenase (G6PDH) and the ribosomal protein Rpl25
were detected as controls. The asterisks mark unspecific signals. Similar results were obtained in four separate
experiments.

Ribosome stalling by arrest peptides
Another strategy to induce a point specific and stable translational arrest has been
established for bacterial cells, which is independent from the expressed protein of interest. In
this case, translation of the SecM arrest peptide results in strong ribosome stalling. This
event depends on conserved residues of the proteins uL4 and uL22 (Rpl4 and Rpl17), as
well as several rRNA bases in the ribosomal exit tunnel. To test whether this strategy is also
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applicable in eukaryotic cells, we inserted the stalling motif in the reporter constructs
between GFP and the Flag-tag (GFP-SecM-Flag-His3; hereafter called SecM-M).
Expression of SecM-M in the absence of Ltn1 and/or Not4 did not result in the accumulation
of arrest products indicating that the mechanism of SecM-mediated ribosome stalling is not
conserved in yeast and thus cannot be used to generate eukaryotic RNCs (Figure 41A).
Arrest peptides that modulate and regulate downstream events in response to effector
molecules also exist in eukaryotes such as the arginine attenuator peptide (AAP) of
Neurospora crassa and Saccharomyces cerevisiae. The AAP is expressed by an uORF of
the arg-2 transcripts and inhibits translation termination at the uORF stop codon to prevent
ribosome scanning and synthesis of carbamoyl phosphate synthetase in response to high
arginine levels (Wang & Sachs, 1997a; Wang & Sachs, 1997b; Hood et al., 2009; Ito &
Chiba, 2013). Similar to SecM-mediated translation arrest specific residues in the AAP
amino acid sequence are essential for ribosome stalling (Spevak et al., 2010). Arginine is
assumed to induce conformational changes either in AAP or in the environment of the
ribosomal exit tunnel, which is essential for ribosome stalling (Bhushan et al., 2010b; Wu et
al., 2012). Several in vitro and in vivo studies showed that the AAP motif negatively
regulates translation in response to arginine, yet, AAP-mediated point specific ribosome
stalling has so far only been demonstrated in vitro (Wang & Sachs, 1997a; Wang et al.,
1999; Delbecq et al., 2000; Bhushan et al., 2010b). We designed a GFP-Flag-AAP-His3
reporter construct and expressed it in not4Δ and ltn1Δ cells in the presence and absence of
high arginine concentrations. Specific truncated arrest products could neither be observed in
an Ltn1-dependent manner nor in the presence of arginine (data not shown).
Another stalling peptide is the so-called MTO1 segment of Arabidopsis thaliana. It is
encoded by the first exon of the gene expressing CGS1 (cystathione-γ-synthase). CGS1 is
involved in methionine synthesis and MTO1 is essential for feedback repression of CGS1
synthesis by sensing S-adenosyl-L-methionine (S-AdoMet) levels (Chiba et al., 1999;
Ominato et al., 2002; Onouchi et al., 2005). Point specific ribosome stalling during MTO1
translation prevents further ribosome movement. Although cystathione-γ-synthase is not
present in mammalian cells, AdoMet-dependent translation arrest could be shown in vitro
using rabbit reticulocyte lysate or wheat germ extract, suggesting a conserved mechanism
(Onouchi et al., 2008). AdoMet is assumed to induce conformational changes in the nascent
chain as well as in the region of the ribosomal PTC. So far almost all data on MTO1mediated ribosome stalling are based on in vitro studies. As a first approach we expressed a
GFP-Flag-MTO1-His3 fusion protein in ltn1Δ and not4Δ mutants in the absence of AdoMet
and found that only the full-length protein was produced (Figure 41B). Since in vitro
translational arrest could be observed only in the presence of AdoMet, further experiments
are needed to analyze MTO1-dependent translation arrest in yeast.
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Figure 41: SecM and MTO1 arrest peptides do not induce ribosome stalling in yeast. A) Yeast cells
expressing the GFP-SecM-Flag-His3 (SecM-M) reporter construct were grown in SCD-His to an optical density
(OD600) of 0.8, and normalized lysates were analyzed by Western blotting using antibodies directed against GFP
(α-GFP). β-NAC was detected as a loading control. B) Yeast cells expressing either the p413GPD empty vector
(pEV) or the GFP-Flag-MTO1-His3 reporter construct (two clones) were analyzed as in (A). Full-length arrest
products were detected with Flag-specific (α-Flag) antibodies and Glucose-6-phosphate-dehydrogenase
(G6PDH) served as loading control. The asterisks mark unspecific bands. Similar results were obtained in two
separate experiments.

Another example for a stalling peptide is found in human cytomegalovirus (CMV). Shortly
after CMV infection the expression of the glycoprotein UL4 is inhibited by translation of its
second uORF that is 22 codons in length (uORF2) (Morris & Geballe, 2000; Alderete et al.,
2001; Janzen & Geballe, 2001). Depending on its sequence the peptide encoded by uORF2
inhibits downstream protein synthesis in cis by inhibiting termination at its own stop codon
due to formation of a persistent linkage between the nascent peptide and the last Pro-tRNA
before the termination codon. This causes ribosome stalling and scanning ribosomes are
prevented to reach the UL4 ORF. Inhibition of downstream translation strictly depends on
the conserved GGQ motif of eRF1 as well as the last two proline residues and the stop
codon of the peptide encoded by uORF2 (Janzen et al., 2002). Interestingly, the CMV
peptide has been reported to induce stalling of wild type yeast ribosomes in vitro and in vivo
and was used to purify ribosome-nascent chain complexes (RNCs) (Bhushan et al., 2010b).
Based on this study we designed a 6xHis-HA3-TEV-linker-CMV fusion protein, which would
allow purification of RNCs via a Ni-affinity matrix, and compared its ribosome association in
ltn1Δdom34Δ and ltn1Δhbs1Δ strains once with constitutive expression via a GPD promoter
and once with an inducible GAL1 promoter. However, neither arrest construct located to
ribosomes (data not shown).
In conclusion, the used strategies to generate quantitative amounts of RNCs in yeast are not
suitable since all tested constructs only caused inefficient or too transient translation arrest.
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7. Discussion and outlook (part B)
7.1 Mass spectrometric approaches to investigate cotranslational protein
folding
This part of the thesis was compiled in a collaborative effort with Dr. K. Rajabi, Prof. S.
Radford and Prof. A. Ashcroft at the University of Leeds in the United Kingdom.
Accompanied by a strong and frequent scientific exchange, all molecular biological and
biochemical experiments were performed and evaluated by myself at the University of
Konstanz, whereas all mass spectrometric analyses were performed and evaluated by Dr. K.
Rajabi in Leeds.
This work provides two approaches to investigate and compare the folding of the proteins
SH3 and SH3-m10 free in solution or tethered to ribosomes by mass spectrometry (MS). In
the first approach, we used ribosome-nascent chain complexes (RNCs) to report on the
suitability of limited proteolysis coupled with MS to analyze cotranslational protein folding on
the bacterial ribosome in a proof of principle study. We examined and compared the folding
dynamics of two almost identical proteins with different conformations, namely the compactly
folded SH3 domain and its random coil mutant SH3-m10 (Blanco et al., 1999). The proteins
that existed either as RNCs or free in solution were digested with the specific protease
trypsin and subsequently applied to nanoelectrospray ionization tandem MS (nESI-MS/MS).
In accordance with a previous study using an NMR-based approach to analyze the structure
of SH3 at the bacterial ribosome (Eichmann et al., 2010) we could show that the folded SH3
is less susceptible to proteolysis than its unfolded mutant variant SH3-m10. In addition,
compared to the free proteins significantly fewer peptides could be obtained from the tryptic
digest of ribosome-tethered nascent polypeptides. Importantly, peptides originating from
proteolysis of ribosomal proteins could be distinguished from those released from nascent
chains.
Limited proteolysis followed by MS features many advantages such as the ability to detect
minimal amounts of peptides in complex and heterogeneous RNC samples without the need
to label the protein of interest. Furthermore, the high speed of analysis reduces time
dependent conformational rearrangements in the nascent polypeptides and allows a fast and
straightforward identification of sites susceptible to tryptic digest. The obtained peptide
fragments then provide a basis to test for variances in the conformational properties and
folding dynamics of free and ribosome tethered proteins. This study highlights the powerful
features of MS-based approaches to analyze cotranslational protein folding and paves the
way for future analysis where proteins could be chemically labeled, for example, during
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hydrogen-deuterium exchange and photochemical oxidation, to study protein folding in real
time.
Based on the above-mentioned study, our second approach to examine the dynamics of
protein folding is fast photochemical oxidation of proteins coupled to mass spectrometry
(FPOP-MS), which has become a powerful tool in structural biology in the last decade
(Stocks & Konermann, 2010; Wu & Lapidus, 2013; Poor et al., 2014). Proteins are covalently
labeled with hydroxyl radicals generated by UV laser photolysis of a diluted hydrogen
peroxide solution before conformational rearrangements occur. In this study the hydroxyl
radical oxidation footprinting technique was optimized to investigate and compare the folding
dynamics of two almost identical proteins with different conformations, namely the compactly
folded SH3 and its random coil mutant SH3-m10 (Blanco et al., 1999). Importantly,
calculation of the parameters for the irradiation window and a deliberate design of the FPOP
experiment are a prerequisite to obtain a single exposure regime. This minimizes multiple
oxidation events that could challenge the peptide detection by MS. For example, excessive
modification of proteins by radicals could alter the conformation of a protein. Moreover,
compared to the unmodified sample, more oxidized states of an equivalent amount of protein
are generated, which is reflected by a lower signal intensity. Also, the signal-to-noise ratio of
the mass spectra of intact oxidized proteins is reduced compared to non-oxidized proteins.
Using either intact proteins or a bottom-up approach, we could show that FPOP-MS is a
suitable technique to differentiate between folded and unfolded proteins. Footprinting data
obtained from hydroxyl labeling were compared with calculated SASA and revealed that this
technique is accurate and allows an unbiased evaluation of a protein’s conformation. The
LC-MS/MS data were analyzed with the software PEAKS 7.0 to identify modified residues of
SH3 and SH3-m10 at the amino acid level. Using this approach we found that the modified
residues are mainly part of the long interconnecting loop regions of SH3, which is in
accordance with our studies on time-resolved limited proteolysis MS (Rajabi et al., 2015b).
Moreover, amino acids that are part of the β-strands were modified to a lesser extent as they
are buried inside the compactly folded protein. The modifications for SH3-m10 occurred
more randomly and were distributed throughout the amino acid sequence, hinting at a
random coil-like structure.
A drawback of the used bottom-up FPOP-MS method is the complexity and the amount of
the obtained data that require time-consuming analysis. Nevertheless, we could highlight the
accuracy and reliability of the FPOP-MS approach that provides a powerful tool in structural
biology to investigate proteins with different structures and folds. This study paves the way to
analyze the folding characteristics of more complex proteins containing α-helices in addition
to β-sheets. Furthermore, analysis of more complex samples such as ribosome-nascent
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chain complexes (RNCs) would provide more insight into cotranslational folding of proteins
tethered to ribosomes.
The irreversibility of protein modification via hydroxyl radicals is a strong advantage of this
method and enables robust downstream analysis of the samples. We used LC-MS/MS
coupled with a data-dependent acquisition (DDA) approach to map the modification sites. A
drawback thereof is that low-abundant peptides are often not present in the obtained
datasets. Labeled peptides could be detected more efficiently by enriching the peptides or by
using data-independent acquisition (DIA). Herewith, a more accurate and unbiased peptide
quantification can be achieved by systematic fragmentation of all peptides within a given m/z
window (Doerr, 2013; Doerr, 2015). The multiple reaction monitoring (MRM) technique can
be used to precisely quantify the peptides, both oxidized and unoxidized.
Another important aspect that has to be taken into account is that molecular chaperones
have an impact on cotranslational protein folding in vivo. So far, we purified RNCs from
bacterial cells lacking the ribosome-associated chaperone Trigger Factor (TF) as it could
intervene in folding processes of newly synthesized proteins. TF interacts with nascent
chains emerging from ribosomes and can accommodate small folded protein domains
(Valent et al., 1995; Hesterkamp et al., 1996; Kramer et al., 2002; Ferbitz et al., 2004; Merz
et al., 2008). As it is still not known how and whether newly synthesized proteins fold in the
presence of TF, it would be interesting to analyze the influence of TF or other chaperones on
the folding of ribosome-tethered proteins via limited proteolysis or FPOP coupled with MS.
As described in the previous chapters, the purification of RNCs from bacterial cells is an
established method for structural and functional analysis, such as cotranslational folding of
proteins or interaction studies with ribosome associated factors performed in vitro or in vivo
(Hoffmann et al., 2006; Schaffitzel & Ban, 2007; Eichmann et al., 2010; Hoffmann et al.,
2012; Rajabi et al., 2015b). Point-specific and quantitative ribosome stalling is achieved
using the SecM stalling motif (Nakatogawa & Ito, 2002). It is of particular interest to generate
RNCs in eukaryotic cells such as yeast to investigate and compare cotranslational events
with those in bacterial cells. However, quantitative in vivo ribosome stalling in yeast is not
easy to achieve, since many control pathways prevent translational arrest and accumulation
of defective proteins (Graille & Séraphin, 2012; Shoemaker & Green, 2012; Lykke-Andersen
& Bennett, 2014). In this thesis we tried to induce ribosome stalling in yeast using various
arrest sequences, namely consecutive rare codons, negatively and positively charged amino
acids, truncated mRNA and diverse arrest peptides such as SecM, AAP, MTO1 and the CMV
peptide. In addition, we combined different deletion mutants such as ltn1Δ, not4Δ, dom34Δ or
hbs1Δ strains that have been shown to be defective in elimination of arrested proteins or
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ribosome recycling (Lykke-Andersen & Bennett, 2014). However, ribosome stalling could be
obtained with neither of these arrest sequences or deletion mutants. The mechanism of
MTO1-mediated ribosome stalling is nevertheless interesting as point specific translational
arrest only occurs after addition of the effector molecule AdoMet, which induces
conformational rearrangements within the nascent chain (Onouchi et al., 2008). Hence, this
mechanism would allow the point specific induction of ribosome stalling using AdoMet.
Another possibility to effectively stall eukaryotic ribosomes in vivo is to reduce the levels of
the release factors that might act when the alternative release factors Dom34 and Hbs1 are
absent to disassemble stalled ribosomes independent of a stop codon. As deletion of the
genes encoding release factors is lethal, they could be depleted using the auxin-inducible
degron system (Nishimura et al., 2009; Morawska & Ulrich, 2013). Moreover, mutation of the
conserved GGQ motif of bacterial RF1 and RF2 as well as of human class 1 polypeptide
release factors was reported to abolish peptidyl-tRNA hydrolysis (Frolova et al., 1999; Mora
et al., 2003), which would be beneficial for the generation of RNCs. Arrest reporter constructs
and mutant eRF1 could be coexpressed using an inducible system to prevent the release of
arrested nascent polypeptides. Another possibility to find segments suitable to quantitatively
stall yeast ribosomes might be a random mutagenesis analysis of the existing arrest peptides
followed by a screen for potent stalling motifs.
Many details of de novo protein folding are still unknown. This study provides new powerful
tools to investigate this process and to gain a better mechanistic understanding of how in
vivo protein folding at ribosomes differs from refolding of denatured proteins in vitro.
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Synopsis
• Not4 and the Ccr4-Not complex associate with polysomes.
• Deletion of NOT4 causes increased expression of cotranslationally arrested polypeptides,
a defect in fast translational repression upon nutrient withdrawal and severe proteins
synthesis-dependent folding stress.
• Cells with impaired mRNA decapping protein function or cells lacking the decapping
activator Dhh1 show similar phenotypes.
• These commonalities suggest a role of Not4 and decapping factors in negative regulation
of protein synthesis that is important for maintenance of cellular protein homeostasis.
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Abstract
Translation of aberrant or problematic mRNAs can cause ribosome stalling which leads to
production of truncated or defective proteins. Therefore, cells evolved cotranslational quality
control mechanisms that eliminate these transcripts and target arrested nascent polypeptides
for proteasomal degradation. While in Saccharomyces cerevisiae the degradation of arrested
nascent polypeptides involves the ribosome-bound E3 ubiquitin-protein ligase Ltn1, the role
of another E3-ligase, Not4, in cotranslational quality control is unclear. Here we show that
Not4, which is part of the multifunctional Ccr4-Not complex in yeast, associates with
polysomes and contributes to negative regulation of protein synthesis. Not4 is involved in
translational repression of transcripts that cause transient ribosome stalling. The absence of
Not4 affected global translational repression upon nutrient withdrawal, enhanced the
expression of arrested nascent polypeptides and caused constitutive protein folding stress
and aggregation. Similar defects were observed in cells with impaired mRNA-decapping
protein function and in cells lacking the mRNA decapping activator and translational
repressor Dhh1. The results suggest a role for Not4 together with components of the
decapping machinery in regulation of protein expression on the mRNA level and emphasize
the importance of translational repression for maintenance of proteome integrity.

Introduction
Protein synthesis is controlled on multiple levels to maintain the integrity of the cellular
proteome. Therefore, diverse quality control mechanisms evolved to prevent production of
defective proteins, which are, for example, encoded by aberrant messenger RNAs (mRNAs)
that arise from mutations or errors during transcription and mRNA processing. Translation of
aberrant mRNAs commonly causes ribosome stalling, which is recognized by quality control
systems that prevent further synthesis of faulty proteins. These systems include mRNA
surveillance pathways that cotranslationally induce degradation of mRNAs and recycle
stalled ribosomes (Graille & Séraphin, 2012).
The turnover of mRNA commonly involves deadenylation of the 3’ end and subsequent
removal of the 5’ cap structure (decapping) to inhibit further translation initiation and allow for
degradation by 5’-3’-exonucleases and the exosome (Weill et al., 2012). However, rapid
deadenylation-independent decapping also plays a role in mRNA surveillance and provides
an additional mechanism for translational control (Muhlrad & Parker, 1994).
In addition, a ribosome-bound protein quality control system was recently discovered that
facilitates the degradation of arrested nascent polypeptides (Bengtson & Joazeiro, 2010;
Brandman et al., 2012). A key component of this system is the E3 ubiquitin-protein ligase
Ltn1. Ltn1 binds to disassembled 60S ribosomal subunits and ubiquitinates arrested
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polypeptides which result, for example, from the translation of non-stop (NS) mRNAs that
lack an in-frame termination codon (Bengtson & Joazeiro, 2010). Ribosomes which translate
NS mRNAs are thought to enter the 3’ poly(A)-tail where they become stalled by the
synthesis of consecutive lysine residues. Such polybasic sequences likely induce ribosome
stalling by electrostatic interactions within the ribosomal exit tunnel (Brandman et al., 2012;
Charneski & Hurst, 2013; Lu & Deutsch, 2008).
In yeast, another E3 ligase, Not4, was suggested to be involved in cotranslational protein
quality control (Dimitrova et al., 2009; Matsuda et al., 2014). Not4 is part of a large molecular
assembly, the Ccr4-Not complex, which consists of at least nine core subunits (Ccr4, Caf1,
Caf40, Caf130, Not1-5) (Chen et al., 2001). Amongst them, Not1 is essential for yeast
viability and forms the scaffold of the complex (Maillet et al., 2000). The complex is
evolutionarily conserved in eukaryotes and localizes to the nucleus and cytosol. In the
nucleus, the Ccr4-Not complex has been implicated in regulation of transcription, whereas an
important cytosolic function involves the Ccr4 and Caf1 subunits, which constitute the major
deadenylases of yeast cells and catalyse poly(A)-tail shortening of mRNAs to initiate their
degradation (Tucker et al., 2001).
Not4 contains an N-terminal RING domain required for its ubiquitination activity (Mulder et al.,
2007) and has been suggested to regulate the levels of the histone demethylase Jhd2, the
catalytic subunit of the DNA polymerase-α Cdc17, the transcription factor Yap1, the nascent
polypeptide-associated complex NAC and the ribosomal protein Rps7A (Gulshan et al.,
2012; Haworth et al., 2010; Mersman et al., 2009; Panasenko et al., 2006; Panasenko &
Collart, 2012). In addition, deletion of NOT4 affects cellular protein homeostasis (Halter et al.,
2014) and based on the observation that the levels of cotranslationally arrested polypeptides
were increased in cells lacking Not4, it was proposed that Not4 ubiquitinates arrested
nascent polypeptides to target them for proteasomal degradation (Dimitrova et al., 2009). In
contrast, other studies suggest that deletion of NOT4 enhances ubiquitination of nascent
chains and does not affect the degradation of arrested translation products (Bengtson &
Joazeiro, 2010; Duttler et al., 2013). Given these contradictory results the function of Not4 in
cotranslational quality control remains unclear.
Here we demonstrate that Not4 plays a crucial role in cotranslational quality control, however,
it does not contribute to the ubiquitination and turnover of arrested nascent polypeptides.
Instead, our data indicate that Not4 is required for global translational repression under
nutritional limitations and especially for repression of mRNAs that cause transient ribosome
stalling. This function likely involves the decapping components Dhh1 and Dcp1. Thus, Not4dependent translational repression adds an additional level of cotranslational quality control
important for the maintenance of cellular protein homeostasis.
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Materials and methods
Yeast strains and growth conditions
All yeast strains used in this study were isogenic derivatives of BY4741 and BY4743
(Brachmann et al., 1998). Unless described otherwise, cells were grown under standard
conditions 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 g/l SC amino acid mix) containing 2% (w/v) glucose (SCD) (Amberg et
al., 2005; Guthrie & Fink, 2002a). Spot assays were performed by adjusting yeast cultures to
the same optical density (OD600) and fivefold serial dilutions were spotted onto agar plates.
Plates were incubated as indicated.
Polysome profiling
Yeast cells were grown at 30°C in YPD medium to OD600 1.0. The culture was poured on
crushed ice and harvested by centrifugation at 4°C in the presence of 100 µg/ml
cycloheximide to stabilize translating 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
phenylmethanesulfonyl fluoride (PMSF), 100 µg/ml cycloheximide, 1 x Complete protease
inhibitor cocktail (Roche)]. Afterwards, the lysates were cleared twice by centrifugation at
16000 g at 4°C for 10 minutes and absorbance values at 260 nm (A260) were normalized with
lysis buffer. Volumes of each lysate equivalent to eight A260 absorbance units 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 hours 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 fractions containing soluble proteins, ribosomal subunits,
80S monosomes as well as polysomes. The absorbance data were processed with PeakTrak
V1.1 (Teledyne Isco, Inc.) and ribosome species were quantified by calculating the area
under the absorbance curve. The collected fractions were precipitated with trichloroacetic
acid (TCA) and the proteins were separated by SDS-PAGE followed by Western blotting.
Larger gradients were prepared where indicated. For that, volumes equivalent to
180-200 A260 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 hours at 4°C. The readout was performed as
described above. To disrupt polysomes, the lysates were treated with RNase A (Fermentas)
at a final concentration of 300 µg/ml and incubated for 15 minutes on ice prior density
gradient centrifugation.
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Analysis of translation arrest in vivo
Yeast cells were transformed with plasmids encoding ribosome-stalling reporter proteins and
grown to the exponential phase in SCD-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) and analyzed by SDSPAGE and Western blotting.
Nutrient withdrawal experiments
Nutrient withdrawal experiments were performed as described in (Ashe et al., 2000) and
(Holmes et al., 2004) with minor modifications. To analyse translational repression upon
glucose depletion, yeast cells were grown in 1l YPD to OD600 0.5. The culture was split and
cells were sedimented at 1000 g for 3 minutes at 30°C. The cells were then resuspended in
500 ml pre-warmed YP with or without 2% (w/v) glucose and incubated at 30°C. After
10 minutes translation was stopped with 100 µg/ml cycloheximide and cells were rapidly
chilled by pouring the culture on crushed ice. The cells were harvested for polysome profiling
as described above. Amino acid depletion was performed likewise except that cells were
grown in SCD and resuspended in pre-warmed starvation medium (6.7 g/l Bacto-yeast
nitrogen base without amino acids, 2% (w/v) glucose) with or without 2 g/l SC amino acids.
Measurement of translation activity upon glucose withdrawal
Measurement of translation activity upon glucose depletion was performed as previously
described (Ashe et al., 2000). Cells were grown in 20 ml SCD medium to OD600 0.5 at 30°C.
A total of 2 OD600 units of cells were sedimented for 2 minutes at 1000 g and resuspended in
10 ml prewarmed labelling medium [SC-Met, 59.5 ng/ml methionine, 0.5 ng/ml

35
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methionine (1000 Ci/mmol, Hartmann Analytik)] with or without 2% (w/v) glucose.
Isolation of protein aggregates
Aggregates were prepared as described previously (Koplin et al., 2010). Liquid yeast cultures
were inoculated with stationary cells to 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% (v/v) Tween 20,
protease inhibitors, 1 mM PMSF, 1.25 U/ml DNase (Sigma)] containing 3 mg/ml ZymolyaseT20 (MP Biomedicals), incubated for 20 minutes 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 minutes 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
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as an input control. The aggregated proteins were sedimented at 16000 g for 20 minutes.
The pellets were washed twice with buffer II [20 mM potassium phosphate (pH 6.8), protease
inhibitors] containing 2% (v/v) Nonidet P-40, sonicated (six times at level 4 and 50% duty
cycle), and centrifuged at 16000 g for 20 minutes 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 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 as 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 with sterile water. The cells were then resuspended in SCD
medium with or without leucine (SCD-Leu) and shifted to 30°C (note that the yeast cells were
leucine auxotrophic). Samples were taken at different time intervals and protein aggregates
were isolated.
Ribosome co-sedimentation assay
For release of nascent peptides from ribosomes yeast cells were grown in SCD medium
without uracil (SCD-Ura) to OD600 1 and 40 OD600 units were collected by centrifugation. The
cells were washed in SCD medium lacking uracil and methionine (SCD-Ura-Met),
resuspended in SCD-Ura-Met and starved for 45 minutes at 30°C. To label nascent
polypeptide chains and newly synthesized proteins, 20 µCi/ml of

35
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Analytik) were added to the cells for 50 seconds. Afterwards, the cells were 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)
with or without 300 µg/ml cycloheximide. The lysates were cleared by centrifugation at 16000
g for 10 minutes at 4°C, protein concentrations were normalized and a sample was taken.
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 minutes at 200000 g at
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4°C to sediment the ribosomes. Upon centrifugation, ribosomes were resuspended in lysis
buffer. The A260 values of the ribosome solutions were normalized and equal volumes were
supplemented with SDS sample buffer. Volumes equivalent to 1.1 A260 units of ribosomes as
well as 20 µg of the total samples were loaded per lane onto a gel and analysed by SDSPAGE and Western blotting. To confirm release of nascent chains by puromycin treatment
radioactive signals in the ribosomal pellet fractions were detected by autoradiography with
the FLA-9000 system (Fujifilm). To analyse the ribosome association of translation arrest
products yeast cells were transformed with plasmids encoding the K12-M ribosome stalling
construct and the cells were cultured to the exponential phase in SCD-His medium. Cell
lysates were prepared by glass bead disruption in lysis buffer (20 mM HEPES-KOH pH 7.4,
100 mM potassium acetate, 2 mM magnesium acetate, 2 mM DTT, 1 mM PMSF, 2 x
protease inhibitor mix). Volumes of lysates equivalent to 1.5 A260 units were diluted to 200 µl
and loaded onto a 600 µl sucrose cushion [25 % (w/v) sucrose in lysis buffer]. Ribosomes
were pelleted by ultracentrifugation at 200000 g for 90 minutes (rotor S140-AT; Sorvall) at
4°C and resuspended in SDS sample buffer. Samples of the normalized lysates and
supernatants were precipitated with TCA and resuspended in alkaline SDS sample buffer.
Aliquots of each fraction were analysed by SDS-PAGE and Western blotting.
Immunoprecipitation (IP)
Denaturing IP of K12 proteins was performed as described in (Bengtson & Joazeiro, 2010).
Yeast cells were transformed with the plasmid p413GPD-GFP-2A-FLAG-HIS3-K12 and
grown overnight in SCD-His medium containing 0.17% (w/v) yeast nitrogen base without
ammonium sulfate and 0.1% (w/v) proline. The cells were used to inoculate fresh medium
containing 0.003% (w/v) SDS to OD600 0.5 and grown for 3 hours at 30°C. Afterwards, 75 µM
MG132 was added for 30 minutes (Liu et al., 2007) and cells were collected. The cells were
then incubated 5 minutes in 0.1% (w/v) NaOH at room temperature, pelleted, resuspended in
lysis buffer [1 % (w/v) SDS, 50 mM Tris-HCl pH 7.4, 5 mM EDTA, 5 mM N-Ethylmaleimide
(NEM), 10 µg/ml aprotinin, 5 µg/ml leupeptin, 8 µg/ml pepstatin A] and boiled. The cleared
lysates were adjusted to a protein concentration of 4 µg/µl in 100 µl lysis buffer, diluted with
900 µl IP-buffer A [50 mM Tris-HCl pH 7.4, 250 mM NaCl, 5 mM EDTA, 0.5 % (v/v) NP40]
and incubated with 25 µl anti-FLAG M2 magnetic beads (Sigma) for 2 hours at 4°C. The
beads were washed three times with IP-buffer A and bound proteins were eluted by boiling in
2 x SDS sample buffer. Samples of the adjusted lysates and the IP eluates were analysed by
Western blotting. Ubiquitinated proteins were detected with polyclonal Anti-Ubiquitin
antibodies (Dako).

	
  

123

Publications and manuscripts
Northern blotting
Yeast cells were transformed with reporter plasmids and grown in SCD-His medium to OD600
0.8. Total RNA was extracted with the hot-phenol method (Schmitt et al., 1990) followed by
ethanol precipitation. Equal amounts of RNA were separated by agarose gel electrophoresis
and transferred to a Biodyne A membrane (Pall Life Sciences). The membrane was stained
with methylene blue to confirm equal loading. Digoxigenin (DIG)-labelled RNA probes were
synthesized with the DIG RNA Labeling Kit (Roche) and mRNA was detected with reagents
provided by the DIG Northern Starter Kit (Roche). The signals on the blots were detected
with the LAS-3000 system (Fujifilm). The oligonucleotides 5’-GAACTCTTCACTGGAGTT
GTCC-3’ and 5’-gatcTAATACGACTCACTATAGGGgtttgtctgccatgatgtatac-3’ were used to
amplify template DNA for the T7-based in vitro synthesis of DIG-labelled GFP RNA probe. To
determine mRNA half-lives the K0 and K12-M reporter mRNAs were expressed under control
of a galactose-inducible promoter (GAL1) on a centromeric plasmid [pRS316(GAL1)-GFPFlag-HIS3 and pRS316(GAL1)-GFP-K12-Flag-HIS3], respectively. The cells were grown in
SC-Ura medium containing 2% (w/v) galactose for steady-state expression of the reporter
mRNAs to OD600 0.8 and transferred to SCD-Ura medium [supplemented with 2% (w/v)
glucose] for transcriptional shut-off. Samples were taken at different time intervals and RNA
was extracted for Northern blotting. The Northern blot signals were quantified and normalized
to the 18S ribosomal RNA. Half-lives were determined by non-linear regression analysis
using Prism (GraphPad Software, Inc.) and calculated as described in (Coller, 2008) with the
equation t1/2 = ln(2)/k, where k = rate constant for mRNA decay.
Stress reporter assay
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 SCD-His
medium 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 wild-type cells carrying the different plasmids before
and after a temperature shift to 38°C for 40 minutes. To test for constitutive expression of the
stress reporters in the wild-type and not4Δ strain, stationary overnight cultures were used to
inoculate SCD-His medium to OD600 0.15 and the cultures were grown at 22°C or 30°C until
OD600 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 lysates were cleared by centrifugation at 16000 g for 2 minutes and the
protein concentrations were determined (Protein Assay, Bio-Rad). Fifteen micrograms of
each lysate were loaded on a SDS-gel. Expression of the GFP-Flag reporter constructs was
detected by Western blotting.
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Microscopy
For standard and fluorescence microscopy yeast cells were grown in YPD to OD600 1 at 22°C
or 30°C. Then the cells were fixed by addition of 4% (v/v) formaldehyde for 10 minutes and
one OD600 unit of cells was pelleted. Microscopy was performed with a Visitron microscope
(37081 Visitron Systems, Axio, Carl Zeiss Inc.) equipped with a 100x magnification PlanApochromat 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).

Protein turnover experiments
The protocol for the measurement of protein turnover was adapted from (Medicherla &
Goldberg, 2008; Seufert & Jentsch, 1990). Cells were grown in YPD to the exponential
phase (OD600 0.5-0.8) at 30°C, washed and starved for 60 minutes in SCD-Met medium.
20 µCi/ml

35

S-methionine was added for 5 minutes to label newly-synthesized proteins.

Protein synthesis was stopped with 0.5 mg/ml cycloheximide, cells were washed twice in icecold chase medium (SCD containing 0.5 mg/ml cycloheximide and 1 mg/ml methionine) and
incubated in pre-warmed chase medium at 30°C. Samples were taken at different time
intervals and protein degradation was stopped by mixing with TCA at a final concentration of
10% (w/v) on ice. Radioactivity in the total sample and sample supernatant was determined
by liquid scintillation counting. Protein degradation is given as the TCA-soluble fraction of
total incorporated radioactivity released from cells during the chase period relative to t = 0.

Results
Not4 and its complex partners associate with polysomes
In yeast cells Not4 has been shown to migrate with polysomes in sucrose gradients
(Dimitrova et al., 2009), suggesting an interaction with ribosomal particles. To analyse this
interaction in more detail, we prepared yeast cell lysates and separated the different
ribosomal species by density gradient centrifugation. The gradient fractions were
immunoblotted to detect Not4. Rpl25, a protein of the 60S ribosomal subunit, and the
ribosome-associated chaperone Zuo1, which binds to the 60S subunit, were detected as
controls. While Rpl25 and Zuo1 were present in all fractions containing 60S ribosomal
subunits, the strongest signals for Not4 were found in late polysomal fractions (Fig 1A).
Caf1, another subunit of the Ccr4-Not complex, was distributed throughout the gradient but
the majority was also detected in late polysomal fractions (Fig 1A). Moreover, HA-tagged
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versions of Ccr4, Not1 and Not5 showed a similar distribution (Fig E1A), suggesting that the
entire Ccr4-Not complex interacts with polysomes.
To confirm the interaction between the Ccr4-Not complex and polysomes we treated wildtype cell lysate with RNase A prior loading on sucrose gradients to degrade the mRNA and
to convert polysomes into 80S monosomes (Fig 1B). The Not4 and Caf1 signals shifted to
the 80S fractions upon RNase A treatment and to the non-ribosomal top fractions. The same
was observed for Zuo1 (Fig E1B). Moreover, the association of Not4 and Caf1 with ribosomal
particles was lost upon ribosome disassembly by puromycin treatment, indicating that the
Ccr4-Not complex interacts specifically with assembled (poly-) ribosomes carrying nascent
polypeptides and mRNA (Fig 1C).
Not4 inhibits expression of polylysine-arrested proteins
Polysomes consist mainly of translating ribosomes but can also contain large jammed
assemblies that result from stalling events when ribosomes encounter obstacles during their
migration along mRNAs. As Not4 interacted predominantly with very large polysomes, we
hypothesized that it might be recruited to stalled ribosomes. Ribosome stalling leads to
subunit disassembly followed by Ltn1-mediated ubiquitination of the nascent chains and their
proteasomal degradation (Bengtson & Joazeiro, 2010; Brandman et al., 2012; Shao & Hegde,
2014). To investigate if Not4 plays a role during cotranslational quality control, we analysed
expression of arrested polypeptides in the presence and absence of Not4 and Ltn1 using
reporter proteins that transiently stall ribosomes during translation. These reporters consisted
of an N-terminal GFP moiety fused to a Flag-tag and the His3 protein (Fig 2A). To induce
ribosome stalling, twelve consecutive lysine residues (K12) were either inserted between
GFP and the Flag-tag (GFP-K12-Flag-His3; called hereafter K12-M) or fused to the
C-terminal end (GFP-Flag-His3-K12; called hereafter K12-C). The same protein without a
lysine stretch (K0) served as a non-arrested reporter. The levels of the K0 and K12
polypeptides in wild-type and mutant cells were then analysed by immunoblotting with
antibodies directed against GFP and the Flag-tag to detect arrest products and full-length
proteins.
While the K0 reporter was produced in all strains at similar levels, no or only weak signals for
both K12 arrest products were detected in wild-type and not4Δ cells, indicating that the
arrested nascent chains were efficiently degraded (Fig 2B, C and quantified in D). As
observed earlier (Bengtson & Joazeiro, 2010), the levels of K12-arrested proteins were
increased in cells lacking Ltn1. Strikingly, the signals of the arrest products were strongly
enhanced up to the level of non-arrested K0 proteins when Not4 and Ltn1 were both absent
(not4Δltn1Δ) (Fig 2B, C and D). Moreover, most stalled K12-M polypeptides detectable in
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ltn1Δ and not4Δltn1Δ cells were still bound to ribosomes although a significant portion of
K12-M peptides was released into the supernatant in not4Δltn1Δ cells (Fig E2).
The polylysine stretches of released K12-M and K12-C arrest products may provide exposed
ubiquitination sites that could unequally influence their posttranslational stability in the
different knockout strains. We could rule out this possibility since polyproline-induced
ribosome stalling (Gutierrez et al., 2013) using a P12-M construct (GFP-P12-Flag-His3)
similarly increased arrest product levels in the ltn1Δ and ltn1Δnot4Δ mutants, even though
the arrest was much weaker compared to the K12-M construct as evident by efficient
production of full-length protein in all strains (Fig 2E).
Taken together, the data show that loss of Not4 in addition to Ltn1 enhanced the expression
of arrested nascent polypeptides and increased ribosome stalling and subsequent release of
truncated polypeptides. Thus, defective polypeptides can escape cotranslational quality
control in the absence of Not4 and Ltn1 and accumulate in the cytosol.
Since ribosome stalling on K12 or P12 sequences is transient, we analysed if Not4 also
inhibits expression of arrested polypeptides when ribosomes encounter insurmountable
obstacles. Translation of non-stop (NS) mRNAs, which lack an in-frame stop codon, likely
proceeds into the 3’ untranslated region (UTR) and the poly(A)-tail where ribosomes become
stalled by synthesis of long polylysine sequences or on the 3’ end of the mRNA, leading to
destruction of the transcript (Inada & Aiba, 2005) and degradation of the nascent chain (ItoHarashima et al., 2007). According to previous observations (Bengtson & Joazeiro, 2010) the
level of NS proteins was enhanced in ltn1Δ mutants (Fig 2F). However, the combined
deletion of NOT4 and LTN1 did not further increase NS protein levels. As a positive control
we included cells lacking Ski7, a protein that plays a role in NS mRNA surveillance (van Hoof
et al., 2002) and inhibits NS protein expression (Bengtson & Joazeiro, 2010). Deletion of
SKI7 indeed increased NS protein levels and this effect was stronger in ski7Δltn1Δ mutants
(Fig 2F).
We also analysed ribosome stalling at the end of truncated mRNAs by introducing a selfcleaving RNA segment, the hammerhead ribozyme (Rz), between the GFP- and Flagencoding sequence to obtain the GFP-Rz-Flag-His3 fusion construct (Rz-M, Fig 2G). The Rz
sequence cuts the mRNA site-specifically in cis after transcription, which generates truncated
mRNAs that cause ribosome stalling at the cleavage site (Tsuboi et al., 2012). Thus, the
translation arrest product (GFP-Rz) of the construct can be detected by GFP-specific
antibodies. Expression of GFP-Rz was weak in wild-type and not4Δ cells and increased in
cells lacking Ltn1 (Fig 2G). Simultaneous deletion of NOT4 and LTN1 did not further increase
the level of arrested polypeptides (the level was rather decreased relative to ltn1Δ).
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We conclude that, whereas in general Ltn1 is required to prevent the accumulation of
translation arrest products, Not4 acts more specifically and inhibits expression of transiently
arrested proteins but not of those that result from ribosome stalling on NS or truncated
mRNAs. Translation arrest on NS or truncated mRNAs is likely stronger and the topology of
stalled ribosomes on the 3’-end of an mRNA is different and thus may require other quality
control mechanisms.
Not4 functions in translational repression
Not4 could inhibit expression of transiently arrested polypeptides by different mechanisms
including (i) destabilization of arrest products, (ii) translational repression or (iii) enhanced
turnover of mRNAs that cause ribosome stalling.
The observation that deletion of NOT4 alone does not increase arrest product levels
challenges the hypothesis that Not4 contributes directly to the degradation of arrested
polypeptides. Accordingly, the stability of K12-M and P12-M arrest products was similar in
ltn1Δ and not4Δltn1Δ cells (Fig E3) and thus does not explain the strong increase of arrest
product levels in not4Δltn1Δ mutants.
An alternative scenario could be that Not4 contributes to translational repression, which
restricts arrest product synthesis. To investigate this possibility, we analysed the effect of
Not4 on K12 reporter synthesis independent from degradation of the arrested products. We
thus generated constructs which contain the 2A sequence of FMDV (foot-and-mouth disease
virus) (Fig 3A). Insertion of 2A between GFP and Flag induces polylysine-independent
ribosome pausing at the end of the 2A-encoding sequence and rapid release of a GFP-2A
fragment from a subset of nascent chains, followed by translation ‘re-initiation’ and synthesis
of the downstream products by the same ribosomes (Donnelly et al., 2001; Doronina et al.,
2008). Therefore, the GFP-2A levels report on translation efficiency regardless of the stability
of the full-length protein (Ito-Harashima et al., 2007). As the 2A-arrested product is
cotranslationally released, it should escape destabilization by Ltn1 and thus reveal the effect
of Not4 on reporter translation.
We analysed expression of GFP-2A-Flag-His3-K12 (2A-K12) containing a K12-stalling
sequence at the C-terminus, and GFP-2A-Flag-His3 (2A-K0), which lacks a C-terminal
stalling sequence (Fig 3A). The mRNA levels of both constructs were similar in all strains and
only the 2A-K12 mRNA levels were slightly elevated in not4Δ cells (Fig 3B). In agreement
with the data shown above, arrested full-length 2A-K12 protein could only be detected in
ltn1Δ cells (Fig 3C) and the signal was further enhanced in not4Δltn1Δ mutants, whereas fulllength 2A-K0 was expressed in all strains (Fig 3D). Importantly, the N-terminal GFP-2A
fragment of 2A-K12 and 2A-K0 was produced in all strains independent of LTN1 deletion
albeit detectable only at lower levels (Fig 3C). Nevertheless, the GFP-2A levels of the
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2A-K12 and 2A-K0 reporter constructs were significantly elevated (~2 to 3-fold) in not4Δ and
not4Δltn1Δ mutants (Fig 3C and D). A similar tendency was observed for full-length 2A-K0,
whereas the levels of the K0 construct, which lacks the 2A element, were less increased in
these strains (compare Figures 3D and 2D). Thus, loss of Not4 enhanced the synthesis of
2A-containing proteins independent of Ltn1. Together, these data are consistent with a role
of Not4 in translational repression induced by transient ribosome stalling within open reading
frames.
Our results furthermore disfavour a function of Not4 in degradation of arrested polypeptides.
To investigate this directly, we analysed ubiquitination of 2A-K12 proteins. Cells were treated
with the proteasome inhibitor MG132 prior lysis to prevent degradation of arrested nascent
chains and therefore full-length 2A-K12 was detected in wild-type and not4Δ cells (Fig 3E).
2A-K12 proteins were then immunoprecipitated and analysed for ubiquitination. 2A-K12
ubiquitination was detected in wild-type cells but not in ltn1Δ mutants [Fig 3E and (Bengtson
& Joazeiro, 2010; Brandman et al., 2012)]. In contrast, 2A-K12 ubiquitination was strongly
enhanced in not4Δ cells, which is consistent with increased reporter synthesis in the absence
of Not4 but argues further against a role of Not4 in ubiquitination of arrested polypeptides.
The simultaneous deletion of LTN1 and NOT4 reduced ubiquitination of 2A-K12 proteins
back to the level of ltn1Δ cells. This again implies that Ltn1 ubiquitinates arrested K12
proteins, whereas Not4 does not. In addition, expression of the E3 ligase-deficient mutant
Not4-L35A (Mulder et al., 2007) efficiently reduced arrest product levels in not4Δltn1Δ cells
to the ltn1Δ level (Fig E4), suggesting that Not4-mediated inhibition of arrest product
expression does not require its E3 ligase activity.
Altered mRNA levels have a minor effect on the expression of polylysine-arrested
polypeptides
We observed increased expression and ubiquitination of K12 arrested polypeptides in the
absence of Not4 and assumed that this is due to a loss of translational repression. However,
it has been shown earlier that mutations that interfere with mRNA decay enhance protein
expression and accordingly cotranslational ubiquitination (Duttler et al., 2013). We therefore
addressed whether Not4 influences steady-state mRNA levels of the K12-M reporter since
the arrest products of this construct were strongly enhanced in not4Δltn1Δ cells (Fig 2B and
D). Indeed, the levels of the K12-M mRNA were elevated about 2-fold in the absence of Not4,
while the levels of the non-stalling K0 mRNA were similar in all strains (Fig 4A). Thus,
increased mRNA levels may contribute to enhanced K12-M protein expression in not4Δltn1Δ
cells and hence to increased ribosome stalling and nascent chain ubiquitination. The mRNA
half-lives of both, the K0 and K12-M mRNAs, were moderately elevated in the absence of
Not4, which may explain the increased levels of the K12-M mRNA in not4Δ cells (Fig E5 and
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4A). This also indicates that minimal sequence changes, such as introduction of the K12encoding sequence, can cause differences in mRNA stabilities and levels in the different
strains.
Since Not4 is part of the Ccr4-Not complex we analysed reporter mRNA levels also in other
ccr4-not mutants, including cells lacking the major mRNA deadenylases Ccr4 and Caf1
(Fig 4B). We found that the mRNA levels of K12-M were similarly increased in not4Δ mutants
and in cells lacking Ccr4 and Caf1. However, in contrast to not4Δ cells, also the K0 mRNA
signals were increased in ccr4Δ and caf1Δ mutants, respectively. This agrees well with a
general role of Ccr4 and Caf1 in mRNA decay and suggests a more specific effect of Not4 on
the stability of ribosome-stalling mRNAs.
We then directly compared the effects of NOT4 or CCR4 deletion on K12-M mRNA levels
and the levels of the corresponding translation arrest product in the absence of Ltn1. K12-M
mRNA levels were similarly increased in ccr4Δltn1Δ and not4Δltn1Δ cells, whereas the arrest
product levels were only moderately enhanced in ccr4Δltn1Δ mutants compared to ltn1Δ
cells (Fig 4C). Only the combined deletion of LTN1 and NOT4 resulted in a strong increase
of arrest product levels. Thus, although K12 mRNA levels influence reporter expression, they
do not account for the strongly elevated K12 protein levels in not4Δltn1Δ mutants. This
suggests that the effect of Not4 on the expression levels of K12-arrested polypeptides is
mainly caused by translational repression.
Not4 and decapping proteins are required for fast global translational repression upon
nutrient withdrawal
To further investigate the potential role of Not4 in translational repression, we took advantage
of earlier observations that cells repress overall translation in response to a variety of
stresses to prevent accumulation of defective proteins. It is known that yeast cells lacking the
mRNA decapping proteins Dcp1 and Dcp2 as well as the decapping activator Dhh1 show
defects in fast translational repression upon nutrient withdrawal (Coller & Parker, 2005;
Holmes et al., 2004), a condition that rapidly reduces the cellular concentration of aminoacyltRNAs and may promote ribosome stalling. Interestingly, a physical interaction between the
Ccr4-Not complex and Dhh1 has been reported in yeast (Coller et al., 2001; Hata et al.,
1998; Maillet & Collart, 2002; Rouya et al., 2014). Therefore, we investigated whether loss of
Not4 or Dhh1 causes a defect in translational repression after nutrient withdrawal.
Glucose depletion caused the rapid conversion of polysomes into 80S monosomes in wildtype cells, reflecting severe reduction of translation activity (Fig 5A). In contrast, residual
polysome peaks were still detected in dhh1Δ mutants after glucose withdrawal, which agrees
well with the reported defect in translational repression. Importantly, cells lacking Not4
showed a similar defect (Fig 5A) and the relative rate of protein synthesis upon glucose
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depletion was higher in not4Δ mutants than in wild-type cells (Fig 5B). Translational
repression in dhh1Δ and not4Δ cells was also affected shortly after amino acid withdrawal as
evident by the smaller decrease of polysomes (Fig 5C and D). These data suggest that Dhh1
and Not4 are both important for fast translational repression during nutrient starvation.
Not4 and decapping proteins are required for translational repression during
ribosome stalling
Based on the similar defects of cells lacking Not4 or Dhh1 in global translational repression
upon nutrient withdrawal, we investigated if loss of Dhh1 and Dcp1-Dcp2 decapping complex
function might also increase expression of translation arrest products at normal growth
conditions. As we were unable to delete DCP1 or DCP2 in our yeast strain, we introduced a
genomic point mutation in DCP1 (dcp1-34), which causes strong loss of function (Tharun &
Parker, 1999). Growth of dhh1Δ cells was only slightly impaired at 30°C, whereas not4Δ and
dcp1-34 mutants had a pronounced growth defect (Fig 6A). Insertion of a kanMX cassette at
the DCP1 locus, which was required for dcp1-34 construction, did not affect growth. Further
mutational analysis revealed that not4Δdhh1Δ double mutants were viable in our strain
background and showed only a slightly increased growth defect (Fig 6A).
To investigate translation arrest product levels in the decapping mutants we additionally
deleted LTN1, which did not significantly influence the growth defects (Fig 6A). Whereas no
K12-M arrest products were detected in dhh1Δ cells the combined deletion of DHH1 and
LTN1 increased the level of K12-M arrest products compared to ltn1Δ cells but not the level
of the non-arrested K0 proteins (Fig 6B). Moreover, deletion of LTN1, NOT4 and DHH1
altogether did not further increase the K12-M arrest product level relative to not4Δltn1Δ
mutants (Fig 6C) suggesting that Dhh1 and Not4 act in the same pathway of translational
repression. As anticipated, the K12-M arrest product level was also increased in
ltn1Δdcp1-34 cells, whereas no arrest products were detected in dcp1-34 single mutants
(Fig 6D). The K12-M mRNA levels were only increased in ltn1Δdcp1-34 cells (~2-fold) but
not in dhh1Δltn1Δ mutants (Fig 6E). Thus, Dhh1 and decapping proteins contribute to
inhibition of the synthesis of polybasic proteins. The strong correlation in function and the
reported physical association of Dhh1 with the Ccr4-Not complex suggest that the decapping
factors Dhh1 and Dcp1 operate together with Not4 in the same pathway. This agrees also
with the observed dynamic interaction of Dhh1 with polysomes (Sweet et al., 2012).
Accordingly, we found HA-tagged Dhh1 (Dhh1-HA) co-migrating with polysomes in sucrose
gradients (Fig E6). Dhh1-HA associated with polysomes also in not4Δ cells but the signals
appeared weaker, suggesting that Not4 may influence the association of Dhh1 with
polysomes. Taken together, these results point to a role of Not4 together with decapping
proteins in global and ribosome stalling-induced translational repression.
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Not4 and decapping factors are required for maintenance of cellular protein
homeostasis
Regulation of protein synthesis and cotranslational quality control are critical to facilitate the
coordinated supply of new and functional proteins according to cellular demand. We thus
addressed whether deregulated translation in not4Δ cells interferes with protein homeostasis.
Indeed, cells lacking Not4 were unable to grow at elevated temperature (Fig 7A) and
expression of the stress-inducible chaperone Hsp104 was enhanced in not4Δ cells at 30°C
(Fig 7B). Induction of the protein stress response was confirmed with reporter constructs
consisting of stress-responsive promoters of three different genes (HSP12, RPN4 and
HSP104) fused to a GFP-Flag encoding sequence (Fig 7C), indicating constitutive folding
stress in not4Δ cells. Moreover, we detected severe aggregation of proteins distributed over
a broad molecular weight range in not4Δ cells at 30°C and aggregates were enriched in
proteins larger than 30 kDa (Fig 7D). As a control we included the analysis of cells lacking
the chaperones Ssb1/Ssb2 or Sse1 where predominantly small ribosomal proteins or largersized proteins aggregate, respectively [Fig 7D and (Koplin et al., 2010)]. Mass spectrometry
analysis identified more than 500 proteins in the insoluble fraction of not4Δ mutants
(Table S1) including some molecular chaperones such as Hsp104, Ssa1, Sse1 and Ssb1/2,
which was confirmed by immunoblotting (Fig 7D). It is difficult to distinguish between
aggregated proteins that are directly affected by the absence of Not4 and those that are
affected indirectly, e.g. due to the loss of a binding partner. Nevertheless, sequence analysis
of the aggregation-prone protein species revealed no obvious common characteristics, such
as enhanced hydrophobicity or enrichment of low complexity regions, compared to the nonaggregated yeast proteins. However, the mean protein length of aggregated proteins was
increased (621 aa for aggregated proteins vs. 412 aa for non-aggregated proteins; Fig E7A),
which is consistent with the enrichment of larger proteins in the insoluble fraction of not4Δ
cells (Fig 7D). In addition, sequence comparison with genome-wide mRNA translation profile
data (Arava et al., 2003) revealed that the mean number of ribosomes associated with
mRNAs of aggregated proteins was elevated (7 for the aggregated fraction vs. 5 for the nonaggregated fraction; Fig E7B). This may reflect high translation rates since there was no
obvious correlation between length of the mRNAs and the number of ribosomes associated
with them (Fig E7C).
Much less insoluble proteins were isolated from not4Δ cells grown at 22°C compared to 30°C
(Fig 7E). To visualize aggregation in vivo, we fused a fluorescent Flag-mCherry moiety to
enolase 2 (Eno2-Flag-mCherry), which was identified in the insoluble fraction of NOT4deficient cells (Table S1). The fusion protein formed multiple foci in not4Δ cells at 30°C but
was homogenously distributed at 22°C (Fig 7F). Thus, folding stress-induced aggregation
can be ameliorated in not4Δ cells by reducing the growth temperature.
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When cells were pre-grown at 22°C, where most proteins were soluble, and then shifted to
30°C to induce aggregation the simultaneous addition of the translational inhibitor
cycloheximide efficiently prevented protein aggregation, while insoluble proteins accumulated
in cells without translational inhibition (Fig 7G). This suggests that ongoing protein synthesis
is causative for protein aggregation at 30°C in not4Δ cells. Similar results were obtained
when protein synthesis was reduced by leucine depletion (Fig 7H). Importantly, the turnover
of newly made proteins was not significantly impaired in not4Δ cells (Fig E8A) and LTN1
deletion had no influence on the accumulation of insoluble polypeptides (Fig E8B), indicating
that aggregation was not due to defects in cotranslational protein degradation. In addition,
aggregation was not increased in cells lacking proteins involved in mRNA degradation such
as Ccr4 and Caf1 or in the absence of the 5’-3’ exonuclease Xrn1 (Fig E8C). Moreover,
although almost no proteins aggregated in not4Δ cells at 22°C, inhibition of K12-M translation
arrest product expression was still affected in ltn1Δ and not4Δltn1Δ mutants at 22°C (Fig 7I).
These data point to a strong correlation between misregulated protein synthesis and
aggregation in the absence of Not4 and suggest that loss of Not4-dependent translational
control causes severe protein folding stress.
Finally, we hypothesized that if Not4 cooperates functionally with Dhh1 and Dcp1-Dcp2
during translational repression, the proteome integrity should be similarly disturbed in dhh1Δ
and dcp1-34 cells. Indeed, strong protein aggregation was detected in dhh1Δ and dcp1-34
mutants and the pattern of insoluble proteins was very similar to NOT4-deficient cells
(Fig 8A). In addition, like in not4Δ cells, the Hsp104 chaperone levels were increased in
dhh1Δ and dcp1-34 mutants (Fig 8B), indicating constitutive folding stress. Thus, mutations
that interfere with translational repression severely affect protein homeostasis.

Discussion
Although several key players of cotranslational quality control in eukaryotes have been
identified recently, many details about their activities and their functional relationship remain
elusive. Among those proteins are the two E3 ligases Not4 and Ltn1, which are conserved
from yeast to humans and both have proposed functions in the turnover of arrested nascent
polypeptides. Whereas Ltn1 is required for efficient cotranslational degradation of arrested
nascent chains, we found that Not4 is involved in negative regulation of translation (Fig 9).
The defects in overall translational repression upon nutrient withdrawal as well as severe
translation-dependent protein folding stress in the absence of Not4 suggest that Not4 (and
probably other components of the Ccr4-Not complex) plays a rather general role in
translational repression important to maintain protein homeostasis.
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Another important observation was that deletion of NOT4 in combination with LTN1 in
particular increased the expression of translation arrest products. This result is based on the
analysis of reporter constructs, which induce strong cotranslational ribosome stalling e.g. by
consecutive lysine residues. Likewise, ribosomes stall during translation of defective
endogenous transcripts before the latter become recognized and eliminated by mRNA
surveillance mechanisms (Shoemaker & Green, 2012). Apart from that, ribosome stalling
may occur on various non-erroneous mRNAs, such as ones with stable secondary structures,
rare codons or regions encoding stretches of positively charged amino acids. Recent
ribosome profiling data indicate that translation is rather inhomogeneous (Ingolia et al., 2011)
and ribosomes stall transiently on many natural transcripts. In any case, ribosome stalling on
mRNAs causes jamming of subsequent ribosomes, which leads to the formation of large
polysomes. This agrees well with the finding that Not4 and also other subunits of the Ccr4Not complex were enriched in the late polysomal fractions of sucrose gradients (Fig 1 and
E1) and suggests that they may be specifically recruited to stalled ribosomes to repress
further translation of the transcript and to prevent the accumulation of defective proteins
(Fig 9).
Not4 is assumed to locate adjacent to the mRNA deadenylases Ccr4 and Caf1 in the Ccr4Not complex (Bai et al., 1999; Basquin et al., 2012). Not4 may thus not only repress
translation of transcripts that cause ribosome stalling but also promote their deadenylation
and turnover. We indeed observed moderately elevated levels of the ribosome-stalling
K12-M mRNA in cells lacking Not4 (Fig 4A) but our data suggest that differences in mRNA
levels have a minor influence on the levels of translation arrest products (Fig 3 and 4).
Moreover, the role of the E3-ligase activity of Not4 in cotranslational protein quality control is
still unclear as deletion of NOT4 enhanced ubiquitination of transiently stalled nascent
polypeptides and an E3 ligase-deficient mutant fully compensated the loss of Not4 function in
translational repression.
To obtain more insights how Not4 may contribute to translational repression of certain
mRNAs we searched for other proteins that are connected to the Ccr4-Not complex and
function in translational repression. The DExD-box ATPase and decapping activator Dhh1
meets both criteria. Yeast Dhh1 interacts physically with the Ccr4-Not complex (Coller et al.,
2001; Hata et al., 1998; Maillet & Collart, 2002) and contributes to translational repression
(Coller & Parker, 2005). Moreover, an interaction between Dhh1 and polysomes has been
described (Drummond et al., 2011) and components of the Ccr4-Not complex including Not
proteins and Dhh1 localize to cytoplasmic foci called P-bodies (Muhlrad & Parker, 2005;
Parker & Sheth, 2007), where turnover of translationally repressed mRNA takes place.
Indeed, we found that also Dhh1 contributes to repression of K12 protein synthesis (Fig 6B).
Since the efficiency of translation initiation depends on intact 5’ mRNA cap structures, it is
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possible that Not4 exerts its regulatory effect by modulating decapping or cap-dependent
translation initiation through Dhh1 and the decapping enzymes (Fig 9). It is known that the
decapping holoenzyme Dcp1-Dcp2 is controlled by decapping activators and some of them
recruit Dcp1-Dcp2 to specific transcripts (Li & Kiledjian, 2010). Moreover, decapping can
occur during translation on polysomes (Hu et al., 2010; Hu et al., 2009) and thus allows for
cotranslational as well as mRNA-specific translational repression. In addition, Not2, Not4 and
Not5 have been implicated in stimulation of deadenylation-independent decapping of certain
mRNAs (Muhlrad & Parker, 2005), which supports a function of Not4 in translational
repression and decapping. This conclusion is further supported by the finding that dcp1-34
cells show similar defects in translational repression as not4Δ and dhh1Δ mutants.
Translation initiation and mRNA decapping are competing processes. Accordingly,
decapping can be directly inhibited by cap-binding translation initiation factors which
dissociate from transcripts before decapping occurs (Schwartz & Parker, 1999; Schwartz &
Parker, 2000; Tharun & Parker, 2001). Although the mechanism for the latter process is still
unclear it likely marks the exit of an mRNA from translation before its degradation. Thus,
Not4-dependent translational repression may occur more directly on the level of translation
initiation e.g. by inhibition or displacement of an initiation factor. Importantly, in vitro
experiments suggest that Dhh1 primarily represses translation initiation, which then indirectly
promotes decapping (Coller & Parker, 2005; Nissan et al., 2010), whereas other data
suggest that Dhh1 rather inhibits translation elongation (Sweet et al., 2012).
Not4 and the Ccr4-Not complex repress translation of specific mRNAs in the germline of fruit
flies (Kadyrova et al., 2007). In this and other cases the Ccr4-Not complex is recruited to the
3’UTRs of target mRNAs via pumilio family proteins (Goldstrohm et al., 2006; Van Etten et al.,
2012). In animal cells, the Ccr4-Not complex acts in microRNA-mediated translational
repression and deadenylation of specific transcripts (Braun et al., 2011; Chekulaeva et al.,
2011; Cooke et al., 2010; Fabian et al., 2011) involving also Dhh1 orthologs (Chen et al.,
2014b; Mathys et al., 2014; Rouya et al., 2014). The principal function of Ccr4-Not
components in translational repression seems thus to be conserved. However, ribosome
stalling-dependent translational repression in yeast cannot be explained by targeting of Not4
to specific sequences in the 3’UTR and thus requires other recruitment signals. For example
in metazoans, the translational repressor protein FMRP which shows a similar distribution in
polysome profiles as Not4 (Darnell et al., 2011), first binds to its target mRNAs and later
during translation directly to ribosomes, where it likely inhibits elongation through steric
effects (Chen et al., 2014a). The FMRP-ribosome interaction involves RNA-binding motifs.
Not4 also contains a RNA recognition motif (RRM) raising the possibility of a similar mode of
interaction. However, unlike FMRP, Not4 dissociates from ribosomes upon their disassembly
with puromycin (Fig 1C), indicating different interaction characteristics. In addition, Not4
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recruitment could be mediated by another component of the Ccr4-Not complex. Interestingly,
Not4 seems not to be a core subunit of the Ccr4-Not complex in metazoans (Lau et al., 2009;
Temme et al., 2010), suggesting potential functional and mechanistic differences.
Deletion of either the NOT4 or DHH1 gene as well as a DCP1 mutation caused translational
misregulation, constitutive folding stress and strong protein aggregation. These very similar
defects in the different mutants suggest that (i) Not4, Dcp1 and Dhh1 act in the same
pathway, and (ii) that the loss of negative control during protein synthesis is causative for the
proteostatic imbalance in these cells. The observation that aggregation in not4Δ cells can be
ameliorated by inhibition of protein synthesis supports this assumption. Interestingly, we did
not observe severe aggregation in cells lacking Ltn1 or in mutants with defective mRNA
decay, suggesting that efficient back-up systems exist that can substitute for these activities.
In contrast, cells lacking Not4 cannot suppress protein aggregation although the heat shock
response is induced, emphasizing the unique function of Not4 in translational quality control
and its importance for cellular protein homeostasis.
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Figures

Figure 1: Not4 interacts with polysomes. A) Ribosomes from wild-type (wt) yeast lysates were separated on a
10-40% sucrose gradient. Top: Absorbance profile at 254 nm (A254). Bottom: Protein fractions were analysed by
Western blotting using antibodies directed against the proteins indicated. B) Ribosomal particles from RNase Atreated and untreated control lysate were separated by density gradient centrifugation. Top: A254 profiles. Bottom:
Western blot analysis. C) not4Δ cells expressing HA-tagged Not4 (Not4-HA) from a plasmid were grown to an
optical density (OD600) of 0.8. A lysate was prepared and one half was treated with puromycin (Puro) to release
nascent polypeptides and mRNA while the other half was treated with cycloheximide (CHX) to stall translation.
Samples were layered on top of a 20% sucrose cushion and ribosomes were sedimented by ultracentrifugation.
Ribosomal pellets were resuspended and equal amounts of ribosomes were applied to Western blot analysis.
Not4-HA was detected with antibodies directed against the HA-epitope tag. Rpl25 was detected as a loading
control.
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Figure 2
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Figure 2: Not4 inhibits expression of polybasic translation arrest products. A) Schematic of mRNA
encoding the non-stalling GFP-Flag-His3 (K0) control construct or ribosome-stalling constructs where twelve
consecutive lysine residues were inserted between GFP and Flag (GFP-K12-Flag-His3; K12-M) or fused to His3
(GFP-Flag-His3-K12; K12-C). B, C) Yeast cells transformed with centromeric plasmids expressing either K0
construct or K12-M (B) or K12-C ribosome-stalling construct (C) were grown in SCD-His to an optical density
(OD600) of 0.8, and normalized lysates were analysed by Western blotting. Full-length proteins and translation
arrest products were detected with GFP-specific (α-GFP) and Flag-specific (α-Flag) antibodies. Rpl25 was
detected as a loading control. The asterisk marks degradation products. D) Quantification of full-length K0 levels
(n = 6, plotted on the left y-axis) as well as K12-M (n = 6) and K12-C (n = 3) arrest product levels (plotted on the
right y-axis) from independent experiments as shown in (C) and (D). The values were normalized to the loading
control and arrest product levels are expressed relative to ltn1Δ cells (set to 1). Mean ± SD bars are shown.
E) Top: Schematic of mRNA encoding the P12-M polyproline ribosome-stalling construct GFP-P12-Flag-His3.
Bottom: Same experiment as in (B) performed with P12-M and β-NAC was detected as a loading control. Arrest
product levels were quantified as in (D). Shown are mean ± SD (n = 3). F) Top: Schematic of mRNA with a HIS3
3’ untranslated region as described in (Ito-Harashima et al., 2007) encoding GFP-Flag-His3 fusion protein (Stop)
or non-stop (NS) protein. Bottom: The experiment was performed as in (B with Stop and NS constructs. β-NAC
was detected as a loading control. Arrest product levels were quantified as in (D). Shown are mean ± SD (n = 5).
G) Top: Schematic of the Rz-M mRNA containing a self-cleavable hammerhead ribozyme sequence (Rz; red)
inserted into the open reading frame. Bottom: The experiment was performed as in (B) with the Rz-M construct.
β-NAC served as a loading control. Arrest product levels were quantified as in (D). Shown are mean ± SD (n = 3).
Asterisks mark a degradation product of K0.
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Figure 3: Not4 acts in translational repression. A) Schematic of mRNA encoding the reporter constructs
GFP-2A-Flag-His3 (2A-K0) and GFP-2A-Flag-His3-K12 (2A-K12) containing an in-frame insertion of the FMDV
2A sequence. B) Northern blot analysis of 2A-K12 and 2A-K0 mRNA levels in yeast cells. The membrane was
stained with methylene blue (MB) to visualize the 18S ribosomal RNA (rRNA) as a loading control. The reporter
mRNA signals were quantified and normalized to the loading control. Shown are mean ± SD (n = 4 for 2A-K12
and n = 5 for 2A-K0). C, D) Lysates of yeast cells expressing 2A-K12 (C) or 2A-K0 (D) were analysed by Western
blotting with antibodies against GFP (α-GFP) and β-NAC. Bar graph: Western blot signals of full-length proteins
and GFP-2A of three independent experiments were quantified, normalized to the loading control and expressed
relative to values in wild-type (wt) cells. Shown is mean ± SD (n = 3). E) Yeast cells were transformed with a
plasmid expressing the ribosome-stalling construct 2A-K12. Cells were grown in SCD-His medium to the mid-log
phase and treated with MG132. Lysates were prepared and the fusion proteins were immunoprecipitated.
Samples of the lysates and the precipitated proteins were analysed by Western blotting. Proteins were detected
with Flag-specific antibodies and ubiquitination was detected with ubiquitin-specific (α-Ub) antibodies. Similar
results were obtained in at least two separate experiments.
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Figure 4: Altered mRNA levels have a minor influence on expression of arrested proteins. A) Northern blot
analysis of K12-M or K0 mRNA levels in yeast cells. The membrane was stained with methylene blue (MB) to
detect the 18S ribosomal RNA (rRNA) as a loading control. Bar graph: The mRNA signals were quantified,
normalized to the loading control and expressed relative to wild-type (wt). Shown are mean ± SD (n = 4 for K12-M
and n = 3 for K0). B) Northern blot analysis as in (A) of K12-M and K0 mRNA levels in ccr4-not mutants. Shown
are mean ± SD (n = 4 for K12-M and n = 3 for K0). C) Parallel analysis of K12-M mRNA levels (top) and K12-M
proteins levels (bottom). Northern blot analysis was performed as in (A). GFP- (α-GFP) and Flag-specific (α-Flag)
antibodies were used to detect reporter proteins by Western blotting. Arrest product levels were normalized to the
β-NAC control signals. The asterisk marks non-specific bands. Similar results were obtained in three separate
experiments.
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Figure 5: Not4 is required for fast translational repression in response to nutrient withdrawal. A) Polysome
profiling with wild-type (wt) or mutant yeast cells. Absorbance traces at 254 nm (A254) are shown. Cells were
grown to an optical density (OD600) of 0.5 in YPD, pelleted, resuspended in YP with or without 2% glucose and
incubated for 10 minutes. Translation was stopped by the addition of cycloheximide and cells were collected for
polysome profiling on 15-45% sucrose gradients. B)

35

S-methionine incorporation into proteins after glucose

depletion. Cells were grown in SCD medium to OD600 0.5 and transferred to SC labelling medium without glucose
containing radioactive

35

S-methionine. Cells were incubated for 10 minutes and samples were taken. TCA-

precipitable radioactivity was measured by liquid scintillation counting. Translation activity is given as incorporated
radioactivity relative to t=0. Best-fit trendlines are shown in grey. C, D) Polysome profiling of wt and mutant cells
as in (A). Cells were grown in SCD medium to OD600 0.5 and transferred to SCD or yeast nitrogen base (YNB)
containing 2% glucose without amino acids. Cells were incubated for 10 min prior to polysome analysis.
Quantitative analysis of individual ribosome species is shown in (D) with mean values ± SD (n = 3).
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Figure 6: Not4 and Dhh1 act in transcript-specific translational repression. A) Spot assay to monitor growth
defects of mutant yeast cells. Cells were adjusted to an optical density (OD600) of 0.5 and 5-fold serial dilutions
were spotted onto YPD plates. The plates were incubated as indicated. B-D) The ribosome-stalling K12-M or the
non-stalling K0 control construct was expressed in wild-type (wt) and mutant yeast cells. Normalized lysates were
applied to Western blot analysis. Full-length proteins and translation arrest products were detected with GFPspecific (α-GFP) antibodies. β-NAC was detected as a loading control. The asterisk indicates unspecific bands.
Bar graph: Arrest product levels of three experiments were quantified, normalized to the loading control and
expressed relative to ltn1Δ. Shown is mean ± SD (n = 3 in B; n = 6 in C and D). E) Northern blot analysis of
K12-M levels. The membrane was stained with methylene blue (MB) to visualize the 18S ribosomal RNA (rRNA)
as a loading control. The reporter mRNA signals from independent experiments were quantified and normalized
to the loading control. Shown are mean ± SD (n = 3).
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Figure 7
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Figure 7: Deletion of NOT4 affects cellular protein homeostasis. A) Wild-type (wt) and not4Δ cells with a
complementation plasmid (pNOT4) or empty vector (pEV) were adjusted to an optical density (OD600) of 0.5 and
5-fold serial dilutions were spotted onto SCD-Ura plates. Plates were incubated as indicated. B) Cells were grown
at 30°C to the mid-log phase and Hsp104 levels were analysed in normalized lysates by immunoblotting.
Glucose-6-phosphate dehydrogenase (G6PDH) was detected as a loading control. Hsp104 signals were
quantified and normalized to the loading control. Shown are mean ± SD (n = 4). C) Wt and not4Δ cells were
transformed with plasmids encoding GFP-Flag. Expression was controlled by either one of three different heatshock responsive promoters (P) derived from the HSP104, RPN4 and HSP12 genes (PHSP104, PRPN4 and PHSP12).
Expression was analysed by Western blotting using Flag-specific antibodies. Immunodetection of Zuo1 served as
a loading control. The signals were quantified and normalized to the loading control. Left: As a control, wt cells
were grown at 25°C to an optical density (OD600) 0.8 and samples were taken before and 40 minutes after heatshock (hs) at 38°C. Right: Wt and not4Δ cells expressing the reporter constructs were grown at 30°C to OD600 0.8
and samples were taken. D) Analysis of protein aggregation in wt and mutant yeast cells. Cells were grown in
YPD to OD600 0.8 and protein aggregates were isolated from equal volumes of normalized lysates. The insoluble
proteins and samples of the normalized lysates were separated by SDS-PAGE and visualized by CBB staining.
Bottom: Parallel Western blot analysis of the total and aggregate fractions. G6PDH and the chaperones Hsp104,
Ssb1, Ssa1 and Sse1 were detected. E) not4Δ cells were grown at 22°C or 30°C to OD600 0.8 and aggregates
were analysed as in (D). F) Eno2-Flag-mCherry was expressed in wt and not4Δ cells at 22°C or 30°C and
analysed by fluorescence microscopy. Numbers give the percentage of cells that showed discrete mCherry foci.
Bars: 5 µm. G) not4Δ mutants were grown at 22°C to OD600 0.8 and shifted to 30°C with or without cycloheximide
(CHX). Samples were taken at the indicated time intervals and aggregates were isolated for quantification. Mean
values and SD bars of three experiments (n = 3) are shown. H) Leucine auxotrophic not4Δ mutants were grown at
22°C to OD600 0.8 and shifted to 30°C with or without leucine. Samples were taken and analysed as in (G).
Shown are mean ± SD (n = 3). I) Expression of the K12-M reporter at 22°C and 30°C was analysed by Western
blotting with antibodies against GFP (α-GFP) and β-NAC. The asterisk marks a non-specific band.

Figure 8: Decapping factors are required for maintenance of cellular protein homeostasis. A) Protein
aggregation was analysed in wild-type (wt) and mutant yeast cells. Cells were grown in YPD to an optical density
(OD600) of 0.8. Aggregated proteins were isolated from equal volumes of normalized lysates. Insoluble proteins
and samples of the normalized lysates were separated by SDS-PAGE and visualized by CBB staining. B) Cells
were grown to the mid-log phase at 30°C and Hsp104 levels were analysed in normalized lysates by Western
blotting. Glucose-6-phosphate dehydrogenase (G6PDH) was detected as a loading control and Hsp104 signals
were quantified and normalized to the loading control. Shown are mean ± SD (n = 4).
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Figure 9: Translational repression of ribosome-stalling mRNAs involves Not4, Dhh1 and the decapping
factors Dcp1-Dcp2. Not4, together with the Ccr4-Not complex, associates with polysomes (grey) that likely
contain stalled (red cross) and jammed ribosomes. Transient ribosome stalling on mRNAs within open reading
frames (ORF) leads to Not4-dependent translational repression. The decapping activator Dhh1 as well as the
7

decapping proteins Dcp1-Dcp2, which remove the 7-methylguanosine (m Gppp) cap structure from the 5’ end of
mRNAs, are also required for translational repression of ribosome stalling mRNAs, suggesting that the Ccr4-Not
complex and the decapping machinery act together in this process. Potential repression mechanisms include
modulation of transcript-specific decapping or direct inhibition of translation initiation. This prevents further
ribosome jamming and synthesis of arrested proteins. Upon disassembly of stalled ribosomes the arrested
nascent chains (NC) are ubiquitinated by Ltn1 to initiate their degradation and mRNAs may become eliminated.

Supplementary Information
Supplementary Materials and Methods
Yeast strains and molecular cloning
The genotypes of the yeast strains are listed in Table S2. PCR-based epitope tagging was
performed as described in (Janke et al., 2004) and selected clones were analysed by
Western blotting and sequencing of the modified chromosomal loci. Strains carrying gene
deletions were constructed by PCR-based gene disruption (Goldstein & McCusker, 1999)
and clones were analysed by PCR or Southern blotting. not4Δdhh1Δ and not4Δdhh1Δltn1Δ
mutants were generated by DHH1 gene disruption in not4Δ and not4Δltn1Δ mutants carrying
pNOT4 plasmids and viability of the obtained clones was tested by plasmid shuffling as
described in (Koplin et al., 2010). The DCP1 locus was mutated as described in (Toulmay &
Schneiter, 2006) to generate dcp1-34 cells and the point mutation was confirmed by
sequencing of the PCR-amplified genomic region. not2Δ was derived from the diploid
not2Δ/NOT2 strain by sporulation. Gene deletions in yeast strains obtained from
EUROSCARF were confirmed by growth on YPD-G418 and PCR or Southern blotting. All
plasmids were generated using standard molecular cloning techniques and are listed in
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Table S3. Complementation plasmids were generated by PCR amplification of the open
reading frames of the respective genes from genomic DNA of BY4741 plus ∼500 basepairs
up- and downstream and cloned into pRS316. In order to generate plasmid-based stress
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 overlap PCR
(Horton et al., 1989) and introduced into p413GPD (Mumberg et al., 1995). Mutations on
plasmids were introduced by site-directed mutagenesis (Papworth, 1996).
Table S2: Yeast strains
Yeast strain
BY4741
sse1Δ (Y350)
ssb1/2Δ (Y523)

Genotype
Reference
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0
EUROSCARF
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; sse1::kanMX4 (Koplin et al., 2010)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ssb1::kanMX4; (Koplin et al., 2010)
ssb2::natMX4
zuo1Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; zuo1::kanMX4 EUROSCARF
not4Δ (Y582)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4
This study
caf40Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; caf40::kanMX4 EUROSCARF
caf1Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; caf1::kanMX4
EUROSCARF
caf130Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; caf130::kanMX4 EUROSCARF
ccr4Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ccr4::kanMX4
EUROSCARF
ccr4Δcaf1Δ (Y727) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ccr4::kanMX4; This study
caf1::natMX4
xrn1Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; xrn1::kanMX4
EUROSCARF
not2Δ/NOT2
BY4743; MATa/MATα ; his3Δ1/his3Δ1; leu2Δ0/leu2Δ0; EUROSCARF
lys2Δ0/LYS2;
met15Δ0/MET15;
ura3Δ0/ura3Δ0;
not2::kanMX4/NOT2
not3Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not3::kanMX4
EUROSCARF
not5Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not5::kanMX4
EUROSCARF
not2Δ (Y650)
MATa; his3Δ1; leu2Δ0; Lys2; met15Δ0; ura3Δ0; This study
not2::kanMX4
ski7Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ski7::kanMX4
EUROSCARF
not4Δltn1Δ (Y658) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4; This study
ltn1::LEU2
ltn1Δ (Y594)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ltn1::LEU2
This study
dhh1Δ (Y864)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; dhh1::kanMX4 This study
ski7Δltn1Δ (Y720) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ski7::kanMX4; This study
ltn1::LEU2
not4Δ DHH1-3xHA MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; DHH1- This study
(Y744)
3xHA::hphNT1; not4::natMX4
DHH1-3xHA (Y743) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; DHH1- This study
3xHA::hphNT1
not4Δdhh1Δ (Y745) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4; This study
dhh1::kanMX4
ltn1Δdhh1Δ (Y763) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ltn1::LEU2; This study
dhh1::kanMX4
ltn1Δnot4Δdhh1Δ MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ltn1::LEU2; This study
(Y866)
not4::natMX4; dhh1::kanMX4
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CCR4-3xHA (Y666) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; CCR4- This study
3xHA::hphNT1
NOT1-3xHA (Y668) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; NOT1- This study
3xHA::hphNT1
NOT5-3xHA (Y672) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; NOT5- This study
3xHA::hphNT1
DCP1::kanMX
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; DCP1::kanMX This study
(Y863)
dcp1-34 (Y860)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; dcp1-34::kanMX This study
ltn1Δdcp1-34
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; dcp1- This study
(Y862)
R70A::kanMX; ltn1::LEU2

Table S3: Plasmids
Plasmid
pRS316
pNOT4
pNOT4-HA
p413GPD
p413PRPN4-GFP-Flag
p413PHSP104-GFP-Flag
p413PHSP12-GFP-Flag
pRS315-ENO2-FlagmCherry
p413GPD-GFP-FlagHIS3
p413GPD-GFP-FlagHIS3-K12
p413GPD-GFP-K12Flag-HIS3
p413GPD-GFP-2AFlag-HIS3-K12
pRS316-GFP-FlagHIS3-Stop
pRS316-GFP-FlagHIS3-NS
p413GDP-GFP-RzFlag-HIS3
pRS316(GAL1)-GFPK12-Flag-HIS3
pRS316(GAL1)-GFPFlag-HIS3

Inserted gene/ORF
None
NOT4
NOT4-HA
None
GFP-Flag
GFP-Flag
GFP-Flag
ENO2-Flag-mCherry

Promoter
None
NOT4
NOT4
GPD
RPN4
HSP104
HSP12
ENO2

Basic vector
pRS316
pRS316
pRS316
p413GPD
p413GPD
p413GPD
p413GPD
pRS315

Reference
(Sikorski & Hieter, 1989)
This study
This study
(Mumberg et al., 1995)
This study
This study
This study
This study

GFP-Flag-His3

GPD

p413GPD

This study

GFP-Flag-His3-K12

GPD

p413GPD

This study

GFP-K12-Flag-His3

GPD

p413GPD

This study

GFP-2A-Flag-HIS3K12
GFP-Flag-HIS3

GPD

p413GPD

This study

GPD

pRS316

This study

GFP-Flag-HIS3-NS

GPD

pRS316

This study

GFP-Rz-Flag-HIS3

GPD

p413GPD

This study

GFP-K12-Flag-HIS3

GAL1

pRS316

This study

GFP- Flag-HIS3

GAL1

pRS316

This study

Antibodies and Western blotting
For Western blot analysis samples were separated by SDS-PAGE and transferred onto a
nitrocellulose membrane (GE Healthcare). Rabbit polyclonal antibodies directed against
yeast Ssa1p, Ssb1p, Zuo1p, Rpl25p, Hsp104p, and the NAC complex were used as
described previously (Koplin et al., 2010). Rabbit polyclonal antibodies against Not4p and
Sse1p were used 1:5000. Antiserum against Caf1p was a gift from Martine Collart (Geneva,
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Switzerland). Polyclonal antibodies against G6PDH (Sigma), ubiquitin (Anti-Ubiquitin, Dako)
and the Flag-peptide (ANTI-FLAG, Sigma) as well as monoclonal antibodies against the HAtag (HA.11 Clone 16B12 Monoclonal Antibody, Covance), and ubiquitin (Anti-Ubiquitin,
Abcam) were used according to manufacturers’ instructions. To detect the primary antibodies,
fluorescence-labelled secondary antibodies (DY-682, Dyomics) and alkaline phosphatasecoupled secondary antibodies (Sigma) were used and visualized with the FLA-9000 or LAS3000 systems (Fujifilm), respectively.
Mass spectrometry (MS)
Isolated insoluble proteins were separated by SDS-PAGE and the gel was stained with
Coomassie. Entire lanes were cut out and divided in seven equal-sized pieces (A-G from top
to bottom). Proteins from each piece were digested with trypsin protease. All samples were
analysed by reversed phase liquid chromatography nanospray mass spectrometry (LCMS/MS) using an LTQ-Orbitrap Discovery mass spectrometer (Thermo Fisher) and an
Eksigent nano-HPLC.
Analysis of mass spectrometry data
For each of the aggregated proteins identified in the MS-analysis, the full-length protein
sequences were extracted from the NCBI database. Due to differences in the database
versions used for the MS-identification and sequence retrieval, only the full sequence data
for 1171 of the 1191 identified aggregated proteins could be retrieved with the remaining 20
being listed as 'obsolete' entries. These protein sequences were then compared to
sequences in the SGD database (http://www.yeastgenome.org, version 27th January 2014) to
retrieve the corresponding cDNA sequences. All sequences producing identical best BLAST
hits (NCBI Basic Local Alignment Search Tool; http://blast.ncbi.nlm.nih.gov/Blast.cgi) were
extracted for each sequence similarity search. This resulted in 1223 protein and 1223 cDNA
sequences to be extracted from the SGD database. These 1223 sequences represented our
set of 'aggregating' proteins. The remaining 5494 sequences represent the set of ‘nonaggregating’ proteins. Both sets of sequences were subsequently checked for a variety of
features: Low complexity filtering of the sequences was performed using SEG (protein) and
DUST (cDNA) (both SEG and DUST are part of the NCBI toolkit, BLAST version 2.2.26).
Hydrophobic regions were identified using a small Perl script employing the Kyte & Doolittle
hydropathy scale (Kyte & Doolittle, 1982). Hydrophobic regions were defined as all regions
within a scanning window size of 7 in which a stretch of 5 or more amino acids had an
average hydropathy score of 1 or greater. Ribosome count data was taken from (Arava et al.,
2003) and all of this data was subsequently analysed in 'R' (http://www.r-project.org). The
only significant differences between the aggregate vs. non-aggregate sets of sequences,
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were found when comparing sequence-length or ribosome counts. The difference of means
between these groups remained highly significant (P < 2.2e-16) irrespective of whether a
standard T-test (R-package t.test) or a rank-order test (R-package wilcox.test) was
performed.

Supplementary table
Table S1: Proteins identified by mass spectrometric analysis of aggregated proteins isolated
from not4Δ cells (see attached excel files)

Supplementary Figures

Figure E1: Subunits of the Ccr4-Not complex associate with polysomes. A) Polysome profiling with lysates
prepared from wild-type (wt) yeast cells expressing chromosomally HA-tagged components of the Ccr4-Not
complex. Cells were grown to an optical density (OD600) 0.8 in YPD and lysates were prepared. Ribosomal
particles were separated on 10-40% sucrose gradients. The proteins of the collected fractions were precipitated
and analysed by Western blotting using HA-specific antibodies. B) The ribosome-associated chaperone Zuo1
shifts to 80S monosome and top fraction upon RNase A-treatment. Lysates from wt yeast cells were treated with
RNAse A to convert polysomes to monosomes. The ribosomal particles from the RNase A-treated and an
untreated control lysate were separated by sucrose density gradient ultracentrifugation. Absorbance profiles at
254 nm (A254) are shown above the Western blots.
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Figure E2: Ribosome cosedimentation assay to detect ribosome-tethered translation arrest products.
Wild-type (wt) and mutant yeast cells expressing the K12-M ribosome stalling reporter were grown to an OD600 of
0.8 and equal volumes of normalized lysates were layered on top of a 20% sucrose cushion and ribosomes were
sedimented by ultracentrifugation. Ribosomal pellets (R) were resuspended and equal amounts of ribosomes as
well as samples of precipitated supernatants (S) were applied to Western blot analysis with GFP-specific
antibodies (α-GFP). The ribosomal protein Rpl25 was detected as a control. Samples of the normalized lysates
were analysed in parallel (Input). The asterisk marks unspecific bands in the supernatant samples.
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Figure E3: K12-M and P12-M translation arrest products have similar stabilities in ltn1Δ and not4Δltn1Δ
cells. A) Cells expressing the K12-M reporter construct were grown to the mid-log phase and protein synthesis
was inhibited with cycloheximide. Samples were taken briefly before (0 h) and at different time intervals after
cycloheximide treatment. Full-length K12-M proteins and translation arrest products were analysed by Western
blotting with GFP-specific antibodies (α-GFP). β-NAC and glucose-6-phosphate dehydrogenase (G6PDH) were
detected as a control. The asterisk marks unspecific bands. B) Experiment was performed as in (A) with the
P12-M reporter construct.
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Figure E4: The E3 ligase-deficient mutant Not4-L35A represses polylysine protein synthesis. Expression of
K12-M proteins was analysed in wild-type (wt) and mutant yeast cells transformed with centromeric plasmids
encoding Not4 (pNOT4), Not4-L35A (pNOT4-L35A) or the empty vector (pEV). Cells were grown in SCD-Ura/-His
medium to OD600 0.8 and normalized lysates were analysed by Western blotting. Full-length K12-M proteins and
arrested products were detected with GFP-specific (α-GFP) antibodies. Expression of wt and mutant Not4 was
analysed in the same samples with Not4-specific antibodies. β-NAC was detected as a loading control. The
asterisks mark unspecific bands.
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Figure E5: Northern blot analysis of K0 and K12-M mRNA half-lives in wild-type and not4Δ cells. Cells
were transformed with centromeric plasmids encoding the K0 and K12-M reporter constructs, respectively. K0
and K12-M mRNA expression was controlled by a galactose-inducible promoter. Single clones obtained after
transformation were grown in SC-Ura medium containing 2% galactose for steady-state reporter mRNA
expression. At an optical density (OD600) of 0.8 the cells were transferred to SC-Ura medium supplemented with
2% glucose to shut off reporter transcription. Samples were taken at different time intervals and analysed by
Northern blotting. The membrane was stained with methylene blue (MB) to visualize the 18S and 26S ribosomal
RNAs as a loading control. The mRNA signals of three independent experiments were quantified, normalized to
the 18S loading control and half-lives were calculated. Half-lives ± SD (n = 3) are presented.

Figure E6: Dhh1 interacts with polysomes. Polysome profiling with wild-type (wt) and not4Δ cells expressing
chromosomally HA-tagged Dhh1 (Dhh1-HA). Cells were grown at 30°C to OD600 of 0.5 and ribosomal particles
were separated from lysates by 15-45% sucrose density gradient ultracentrifugation. Fractions were collected and
proteins were precipitated. Left: The distribution of Dhh1-HA was analysed by Western blotting with HA-specific
antibodies. Right: The corresponding absorbance traces at 254 nm (A254) are shown.
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Figure E7: Sequence analysis of insoluble proteins from not4Δ cells identified by mass spectrometry.
A) Boxplot representation of the sequence lengths of the aggregating vs. non-aggregating proteins. Using both a
T-test and a Wilcoxon rank-sum test, both number of ribosomes and sequence length were identified as
parameters having highly significant differences in mean (P < 2.2e-16) between the aggregating and nonaggregating set of proteins. B) Boxplot representation of the number of ribosomes associated with each mRNA
sequence of the aggregating vs. non-aggregating proteins. C) Displays number of ribosomes associated with
each sequence in relation to the corresponding sequence length. The ribosome counts for the non-aggregating
proteins (black) were increased by + 0.4 for display purposes. The poor correlation between these two
parameters indicates that the one has little influence on the other and that the increased mean ribosome count for
the set of aggregating proteins is not directly due to the higher mean sequence length of that set.
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Figure S8: Aggregation in NOT4-deficient cells is not due to defects in cotranslational protein degradation
or mRNA decay. A) Deletion of NOT4 does not interfere with the degradation of newly synthesized proteins.
Wild-type (wt) and mutant yeast cells were grown at 30°C to the mid-log phase, starved in SCD-Met medium and
pulse labelled with radioactive

35

S-methionine for 5 minutes. Translation was stopped with cycloheximide and

samples were taken at different time intervals. Protein degradation is given as the TCA-soluble fraction of total
incorporated radioactivity released from cells during the chase period relative to t=0. Mean ± SD bars of three
experiments (n = 3) are shown. B) Deletion of LTN1 does not cause protein aggregation. Wt and mutant yeast
cells were grown in YPD to an optical density (OD600) 0.8 and protein aggregates were prepared from equal
volumes of normalized lysates. The aggregated proteins and samples of the normalized lysates were applied to
SDS-PAGE and visualized by CBB staining. C) Cells with defects in mRNA decay show no significant protein
aggregation. Experiment was performed as in (B) with ccr4Δ, caf1Δ and ccr4Δcaf1Δ mutants and cells lacking the
5’-3’ exonuclease Xrn1. Cells lacking Not4 and Ltn1 were included as a control.
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Abstract
In every cell, translation is a fundamental but error prone process and therefore has to be
tightly regulated to maintain the intactness of the cellular proteome. Importantly, translation of
aberrant transcripts can lead to ribosome stalling and consequently to the production of
truncated proteins. Hence, cotranslational quality control systems have evolved that
eliminate defective mRNAs and degrade arrested proteins via the ubiquitin-proteasome
system. Not4, a component of the Ccr4-Not complex in yeast, has recently been shown to be
involved in translational repression of transcripts that cause ribosome stalling (e.g. mRNAs
that encode polylysine sequences) and to contribute to the negative regulation of protein
synthesis. Here we report that Not4 protein levels are strongly decreased in the absence of
two other members of the Ccr4-Not complex, namely Not2 and Not5, resulting in enhanced
expression of polybasic proteins and impaired translational repression upon nutrient
withdrawal. Further, cells lacking Not2 or Not5 exhibit the same aberrant phenotypes
regarding growth, cell morphology and protein aggregate formation. Thus, we propose that
Not2 and Not5 together with Not4 form a functional tripartite unity within the Ccr4-Not
complex involved in regulation of translation. Besides Not4, the ribosome-associated
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chaperone triad Ssb/RAC has also been implicated in translational repression of polylysine
proteins. To better understand whether Ssb and Not4 have overlapping functions, we
dissected their roles in cotranslational quality control and suggest that both ribosomeassociated factors are important to maintain cellular protein homeostasis but act on different
levels.

Introduction
The synthesis of proteins is a fundamental process in all cells and therefore has to be tightly
controlled on multiple levels. Such control mechanisms help to recognize and degrade
defective nascent polypeptides that is very important to circumvent protein misfolding and
aggregation. In addition, aberrant mRNAs that might cause harmful ribosome stalling when
translated are eliminated. In the recent years, several cotranslational quality control systems
on the mRNA as well as protein level have been identified that guarantee the maintenance of
cellular protein homeostasis. Specialized surveillance systems degrade erroneous mRNAs
cotranslationally and recycle stalled ribosomes (Graille & Séraphin, 2012; Parker, 2012).
Moreover, a recently discovered ribosome-associated quality control complex (RQC)
eliminates arrested nascent polypeptides (Bengtson & Joazeiro, 2010; Brandman et al.,
2012). One of its components is the E3 ligase Ltn1 that associates exclusively with the 60S
subunit of disassembled ribosomes and ubiquitinates arrested proteins thereby targeting
them for proteasomal degradation.
Not4 is another ribosome-associated E3 ligase and belongs to a large multi protein
assembly, the Ccr4-Not complex, which comprises at least nine core subunits (Ccr4, Caf1,
Caf40, Caf130, Not1-5) (Chen et al., 2001). In this complex two functional modules are
found, namely the two major deadenylases in the yeast cytosol, Ccr4 and Caf1 (Tucker et al.,
2001), and the Not proteins that are linked to the transcription machinery (Badarinarayana et
al., 2000; Collart & Struhl, 1993; Deluen et al., 2002; Lemaire & Collart, 2000). In the
previous years many structural analyses of the Ccr4-Not complex revealed that Not2, Not3,
Not4 and Not5 bind to the C-terminus of the scaffold protein Not1 to form the so-called Not
module (Albert et al., 2000; Bai et al., 1999; Deluen et al., 2002). A very recent study on the
structure of the yeast Not4 C-terminal domain showed that it binds Not1 indeed in close
proximity to but rather independent of Not2 and Not5 (Bhaskar et al., 2015). Not2 and Not5
both contain a unique conserved motif in their C-termini, the Not-box, which mediates their
heterodimerization and synergistic binding to Not1 (Bawankar et al., 2013; Bhaskar et al.,
2013; Zwartjes et al., 2004). Both proteins are crucial for the integrity of the Ccr4-Not
complex and their absence leads to impaired growth of yeast cells (Bai et al., 1999; Boland
et al., 2013; Ito et al., 2011; Maillet et al., 2000; Russell et al., 2002). Not3 and Not5 share
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similarities in their N-termini and are currently thought of as paralogs but the absence of Not3
causes only mild aberrant phenotypes (Collart et al., 2013; Oberholzer & Collart, 1998).
Moreover, the Not-box of Not3 has diverged from that of Not5 and does not interact with the
Not-box of Not2 in vitro (Bhaskar et al., 2013). Previous studies on the Not module indicated
that it is closely connected to the transcription machinery, specifically by interactions with
subunits of TFIID (Badarinarayana et al., 2000; Collart & Struhl, 1993; Deluen et al., 2002;
Lemaire & Collart, 2000). Moreover, the Not module has been found to possess an binding
surface for poly(U) RNA consistent with the finding that Not2, Not4 and Not5 are required for
deadenylation-independent decapping of EDC1 mRNA which depends on a poly(U) tract in
the 3’UTR (Bhaskar et al., 2013; Muhlrad & Parker, 2005). In addition, others and we
previously showed that components of the Ccr4-Not complex preferentially associate with
large polysomes that may also contain stalled ribosomal assemblies (Dimitrova et al., 2009;
Halter et al., 2014; Panasenko & Collart, 2012; Preissler & Reuther et al., 2015), suggesting
a function connected to translation. In accordance with this hypothesis, cells lacking Not4
could not inhibit the synthesis of polylysine-arrested proteins, showed impaired translational
repression upon nutrient withdrawal and strong synthesis-dependent protein aggregation
(Preissler & Reuther et al., 2015). Interestingly, the same defects were observed for cells
lacking Dhh1, an mRNA decapping activator, and cells with a mutation in the decapping
enzyme subunit Dcp1. Altogether, these observations are consistent with the notion that
Not4 might regulate translation by modulating decapping or cap-dependent translation
initiation through the decapping proteins Dhh1 and the decapping holoenzyme Dcp1-Dcp2
(Holmes et al., 2004; Preissler & Reuther et al., 2015). Given the reported structural and
functional connections between Not proteins it is possible that also other components of the
Not module apart from Not4 contribute to cotranslational quality control processes and
maintenance of protein homeostasis. However their roles in this context have not been
addressed thoroughly.
Very crucial for proper de novo protein folding in yeast is the ribosome-associated chaperone
system. It consists of the conserved heterodimeric nascent chain-associated complex (NAC),
which binds close to the exit tunnel to interact with nascent polypeptides (Wegrzyn et al.,
2006). In addition, the ribosome-associated complex RAC, comprised of the Hsp70 Ssz and
the Hsp40 Zuotin1, forms together with the Hsp70 Ssb a functional chaperone triad. Ssb,
which is encoded by two genes (SSB1 and SSB2) in yeast, is the only component of the triad
contacting nascent proteins emerging from the ribosome and its ATPase activity is regulated
by the cochaperone function of RAC (Gautschi et al., 2001; Nelson et al., 1992; Yan et al.,
1998).
Recently, it was reported that Not4 ubiquitinates NAC in vitro, which is suggested to
influence its stability and ribosome-association (Panasenko et al., 2006; Panasenko et al.,
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2009), however evidence for the relevance of NAC ubiquitination in vivo is still missing. Ssb
and RAC are reported to be involved in folding and assembly of ribosomal proteins
(Albanèse et al., 2010; Koplin et al., 2010). There might also exist a link between Not4 and
the chaperone triad as the latter was suggested to contribute to translational repression of
mRNAs lacking a stop codon by stabilizing the interaction between nascent non-stop
proteins and the ribosome (Chiabudini et al., 2012; Chiabudini et al., 2014). In addition, loss
of Ssb/RAC leads to enhanced read-through of stop codons (Hatin et al., 2007; Rakwalska &
Rospert, 2004).
Here we sought to investigate the roles of Ssb, NAC and Not4 as well as other Not proteins
in regulation of protein synthesis.

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 are listed in Table 1. PCR-based epitope tagging of
yeast chromosomal loci was performed as described in (Janke et al., 2004). Modified genes
of selected clones were analyzed by sequencing and Western blotting. Strains carrying gene
deletions were constructed by PCR-based gene disruption (Goldstein & McCusker, 1999;
Gueldener et al., 2002) and clones were analyzed by PCR or Southern blotting. 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
cloning techniques and are listed in Table 2. Complementation plasmids were generated by
PCR amplification of the open reading frames of the respective genes from genomic DNA of
BY4741 plus ∼500 base pairs up- and downstream and cloned into pRS316.
Unless described otherwise, 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 Bacto-yeast nitrogen base without amino acids, 2 g/l SC amino acid mix)
containing 2% glucose (SCD) (Amberg, 2005; Guthrie & Fink, 2002b). Spot assays were
performed by adjusting yeast cultures to the same OD600 and spotting fivefold serial dilutions
onto agar plates. Plates were incubated as indicated.
Table 1: Yeast strains
Yeast strain
BY4741
sse1Δ (Y350)
ssb1/2Δ (Y523)
ssb1/2Δnot4Δ
(Y694)
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Genotype
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; sse1::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ssb1::kanMX4;
ssb2::natMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ssb1::kanMX4;
ssb2::natMX4; not4::LEU2

Reference
EUROSCARF
(Koplin et al., 2010)
(Koplin et al., 2010)
This study
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ssb1/2Δltn1Δ
(Y654)
nacΔ (Y405)
not4Δ (Y582)

MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ssb1::kanMX4;
ssb2::natMX4 ltn1::LEU2
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; egd1::hisMX6;
btt1::phleo; egd2::LEU2
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4

not2Δ/NOT2

BY4743; MATa/MATα; his3Δ1/his3Δ1; leu2Δ0/leu2Δ0;
lys2Δ0/LYS2; met15Δ0/MET15; ura3Δ0/ura3Δ0;
not2::kanMX4/NOT2
not3Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not3::kanMX4
not5Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not5::kanMX4
not2Δ (Y650)
MATa; his3Δ1; leu2Δ0; Lys2; met15Δ0; ura3Δ0;
not2::kanMX4
caf40Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; caf40::kanMX4
caf1Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; caf1::kanMX4
caf130Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; caf130::kanMX4
ccr4Δ
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ccr4::kanMX4
not4Δltn1Δ (Y658) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4;
ltn1::LEU2
ltn1Δ (Y594)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ltn1::LEU2
not2Δltn1Δ (Y867) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ltn1::LEU2;
not2::kanMX4
not5Δltn1Δ (Y868) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ltn1::LEU2;
not5::LEU2
ski7Δltn1Δ (Y720) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ski7::kanMX4;
ltn1::LEU2 not5::kanMX4
nacΔltn1∆ (Y652) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; egd1::hisMX6;
btt1::phleo; egd2::LEU2; ltn1::kanMX4
NOT5-3xHA (Y672) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; NOT53xHA::hphNT1
not4ΔNOT5-3xHA MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX6;
(Y857)
NOT5-3xHA::hphNT1
ubr1Δ (Y628)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ubr1::kanMX4
doa10Δ (Y684)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; doa10::kanMX4
san1Δ (Y685)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; san1::kanMX4
ecm29Δ (Y660)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ecm29::kanMX4
jhd2Δ (Y659)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; jhd2::kanMX4
rps7AΔ (Y686)
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; rps7A::kanMX4

This study
(Koplin et al., 2010)
(Preissler & Reuther
et al., 2015)
EUROSCARF

EUROSCARF
EUROSCARF
(Preissler & Reuther
et al., 2015)
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
(Preissler & Reuther
et al., 2015)
(Preissler & Reuther
et al., 2015)
This study
This study
(Preissler & Reuther
et al., 2015)
This study
(Preissler & Reuther
et al., 2015)
This study
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF

Table 2: Plasmids
Plasmid
pRS316
pNAC
pNOT4
pNOT4-HA
pNOT4-ΔRING
pNOT4-ΔN
pNOT4-ΔC
pNOT4-L35A

Inserted gene/ORF
None
EGD1, EGD2
NOT4
NOT4-HA
NOT4-78-587
NOT4-229-587
NOT4-1-228
NOT4-L35A

Promoter
None
EGD1, EGD2
NOT4
NOT4
NOT4
NOT4
NOT4
NOT4

Basic vector
pRS316
pRS316
pRS316
pRS316
pRS316
pRS316
pRS316
pRS316

p413GPD-GFPFlag-HIS3
p413GPD-GFPFlag-HIS3-K12
p413GPD-GFPK12-Flag-HIS3
pRS316-GFPFlag-HIS3-Stop

GFP-Flag-HIS3

GPD

p413GPD

GFP-Flag-HIS3-K12

GPD

p413GPD

GFP-K12-Flag-HIS3

GPD

p413GPD

GFP-Flag-HIS33

GPD

pRS316

Reference
(Sikorski & Hieter, 1989)
(Koplin et al., 2010)
This study
This study
This study
This study
This study
(Preissler & Reuther et
al., 2015)
(Preissler & Reuther et
al., 2015)
(Preissler & Reuther et
al., 2015)
(Preissler & Reuther et
al., 2015)
(Preissler & Reuther et
al., 2015)
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pRS316-GFPFlag-HIS3-NS
pRS316-GFPFlag-HIS3
pRS316-GFPK12-Flag-HIS3

GFP-Flag-HIS3-NS

GPD

pRS316

GFP-Flag-HIS3

GPD

pRS316

GFP-K12-Flag-HIS3

GPD

pRS316

(Preissler & Reuther et
al., 2015)
This study
This study

Antibodies and Western blotting
For Western blot analysis samples were separated by SDS-PAGE and transferred onto a
nitrocellulose membrane (GE Healthcare). Rabbit polyclonal antibodies directed against
yeast Ssa1, Ssb1, Rpl25, Hsp104, and the NAC complex were used as described previously
(Koplin et al., 2010). Rabbit polyclonal antibodies against Not4p and Sse1p were used
1:5000. Polyclonal antibodies against G6PDH (Sigma) and the Flag-peptide (ANTI-FLAG,
Sigma) as well as monoclonal antibodies against GFP (Covance), the HA-tag (HA.11 Clone
16B12 Monoclonal Antibody, Covance) were used according to manufacturers’ instructions.
To detect the primary antibodies, fluorescence-labeled (DY-682, Dyomics) and horseradish
phosphatase-coupled secondary antibodies (Dianova) were used and visualized with the
FLA-9000 or LAS-3000 systems (Fujifilm), respectively.

Analysis of translation arrest in vivo
Yeast cells were grown to the exponential phase in YPD or SCD medium in case of plasmid
transformed cells. Cells were lysed by glass bead disruption in lysis buffer (50 mM HEPESKOH pH 7.4, 100 mM potassium acetate, 10 mM MgCl2, 1 mM DTT, 1 mM PMSF, 2 x
Complete protease inhibitor mix) and analyzed by SDS-PAGE and Western blotting.
Polysome profiling
Yeast cells were grown at 30°C in YPD medium to an OD600 1.0. The culture was poured on
crushed ice and harvested by centrifugation at 4°C in the presence of 100 µg/ml
cycloheximide to stabilize translating ribosomes. Polysome profiling was performed as
described in (Preissler & Reuther, 2015).
Nutrient withdrawal experiments
Nutrient withdrawal experiments were performed as described in (Preissler & Reuther, 2015).
Yeast cells were grown to OD600 0.5 in 1l YPD. The culture was split, cells were pelleted at
1000 g for 3 minutes at 30°C, resuspended in 500 ml pre-warmed YP with or without 2%
glucose and incubated at 30°C. Translation was stopped after 10 min with 100 µg/ml
cycloheximide and cells were rapidly chilled by pouring the culture on crushed ice. Amino
acid depletion was performed likewise except that cells were grown in SCD and resuspended
in pre-warmed starvation medium (6.7 g/l Bacto-yeast nitrogen base without amino acids, 2%
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glucose) with or without 2 g/l SC amino acids. Polysome profiling was conducted as
described in (Preissler & Reuther et al., 2015).
Isolation of protein aggregates
Aggregates were prepared as described previously (Koplin et al., 2010; Preissler & Reuther
et al., 2015). Cells were grown in 50 ml YPD or SCD medium in case of transformed cells at
30°C to OD600 0.8-1.0, harvested 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 20,
protease inhibitors, 1 mM PMSF, 1.25 U/ml DNase (Sigma)] containing 3 mg/ml ZymolyaseT20 (MP Biomedicals), incubated for 20 minutes 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 minutes 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. The aggregated proteins were sedimented at 16000 g for 20 minutes.
The pellets were washed twice with buffer II [20 mM potassium phosphate (pH 6.8), protease
inhibitors] containing 2% v/v Nonidet P-40, sonicated (six times at level 4 and 50% duty
cycle), and centrifuged at 16000 g for 20 minutes 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. Protein synthesis-dependent aggregation at
22°C and 30°C was performed as described in (Preissler & Reuther, 2015). For
quantification of the aggregated proteins, the washed aggregates were suspended in buffer II
by sonication and twofold serial dilutions were spotted onto a PVDF (Roti-PVDF, Roth)
membrane 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 the program ImageJ64 (NIH).
Microscopy
For standard differential interference contrast (DIC) microscopy yeast cells were grown in
YPD to an OD600 of 1 at 30°C. Then the cells were fixed by addition of 4% (v/v) formaldehyde
for 10 minutes and one OD600 unit of cells was pelleted. 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. 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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Mass spectrometry (MS)
Isolated insoluble proteins were separated by SDS-PAGE and the gel was stained with
Coomassie. Entire lanes were cut out and divided in seven equal-sized pieces (A-G from top
to bottom). Proteins from each piece were digested with trypsin protease. All samples were
analyzed by reversed phase liquid chromatography nanospray mass spectrometry (LCMS/MS) using an LTQ-Orbitrap Discovery mass spectrometer (Thermo Fisher) and an
Eksigent nano-HPLC.

Results
Not4 protein levels are strongly reduced in the absence of Not2 and Not5
Others and we recently showed that growth of cells lacking Not4 or the deadenylases Ccr4
and Caf1 was decreased at elevated temperature or on plates containing translation
inhibitory drugs (Halter et al., 2014; Panasenko & Collart, 2011; Preissler & Reuther et al.,
2015). Moreover, it has been demonstrated that Not2 and Not5 are important for the integrity
of the yeast and human Ccr4-Not complex (Ito et al., 2011; Maillet et al., 2000; Russell et al.,
2002). Therefore, we sought to investigate a potential functional connection between Not4
and the other Not proteins Not2, Not3 and Not5. Growth analysis of not mutants revealed
that, comparable to a not4Δ mutant, growth of cells lacking Not2 or Not5 was also impaired
at physiological conditions, at high temperature as well as in the presence of translation
inhibitory drugs such as cycloheximide and hygromycin B (Figure 1A). In addition, the three
mutant strains exhibited the same morphological abnormalities regarding cell size and shape
(Figure 1B). Consistent with other studies, cells lacking Not3 showed no growth defect
(Figure 1A) (Oberholzer & Collart, 1998). Interestingly, Not4 levels decreased dramatically in
cells lacking Not2 or Not5, however, not in cells missing other Ccr4-Not components
(Figure 1C). To detect Not2 and Not5 we inserted a HA3-tag chromosomally at their C-termini
in a not4Δ background, respectively, since antibodies directed against these proteins were
not available. C-terminal HA3-tagging of Not5 in not4Δ cells lead to an enhanced growth
defect compared to not4Δ cells (Figure 1D, upper panel). However expression of Not4 in
these cells from a centromeric plasmid entirely abolished the fitness defect under normal
conditions and the transformants grew similar to the wild type (Figure 1D, lower panel). This
indicates that the functionality of the Not5-HA3 fusion protein depends on the presence of
Not4. Accordingly, HA3-tagging of Not5 in the parental yeast strain did not affect growth
(Figure 1D). Although Not5-HA3 functionality requires presence of Not4 the Not5-HA3 protein
levels were not reduced in not4Δ cells (Figure 1E). C-terminal HA3-tagging of Not2 in the wild
type background had no negative effect on growth (Supplementary Figure S1), however, the
function of the Not2-HA3 fusion protein seems to be drastically impaired in the absence of

164

	
  

Publications and manuscripts

	
  
Not4 as no transformed cells could be obtained. Thus, Not5 and probably Not2 may stabilize
Not4 in the Ccr4-Not complex.
Not2 and Not5 are important for translational repression of polylysine proteins
Since we observed that yeast Not4 contributes to translational repression of mRNAs
encoding proteins containing a polylysine stretch within their ORFs, we made use of reporter
constructs to monitor ribosome stalling in cells lacking Not2 or Not5 (Preissler & Reuther et
al., 2015). Translation of twelve consecutive lysine residues between GFP and a Flag
encoding sequence followed by a His3 encoding sequence (henceforth called K12-M) leads
to a transient translation arrest. The positive charges of the lysines thereby likely interact
electrostatically with the negatively charged ribosomal tunnel wall. In wild type cells such
arrested proteins are normally ubiquitinated by the ribosome-bound E3 ligase Ltn1 to target
them for proteasomal degradation (Bengtson & Joazeiro, 2010). Truncated arrest products
as well as full-length proteins can be monitored by Western blot using antibodies directed
against GFP, whereas anti-Flag antibodies should only detect full-length proteins. A
construct without consecutive lysines (K0) served as a control (Figure 2A). We expressed the
K0 and K12-M reporter polypeptides in not2Δ and not5Δ mutants in the presence and
absence of Ltn1 and compared the accumulation of truncated arrest products with
not4Δltn1Δ cells (Figure 2B and C). In the not2Δ and not5Δ single mutants expressing K12M no arrested polypeptides were detectable, however when the E3 ligase Ltn1 was missing
in addition, the amounts of arrest products were strongly elevated comparable to the levels in
the not4Δltn1Δ double mutant (Figure 2C). The full-length K0 construct was expressed in all
strains, however, several shorter GFP fragments were detected (Figure 2B). As the
accumulation of these fragments was also visible in the anti-Flag immunoblot and occurred
independent of Ltn1, they might represent cleavage products emerging posttranslationally or
during sample preparation (Dimitrova et al., 2009).
Based on Northern blot analyses of reporter mRNAs in our previous study (Preissler &
Reuther et al., 2015) we conclude that K12-M mRNA levels do not account for the strongly
elevated arrest protein levels in not2Δltn1Δ and not5Δltn1Δ cells since K12-M mRNA levels
were only slightly elevated in not4Δ mutants but not in cells lacking Not2 and Not5 (Preissler
& Reuther et al., 2015). K0 mRNA levels were equal in the tested strains and only marginally
increased in not5Δ cells (Preissler & Reuther et al., 2015). These observations imply that
besides Not4 also Not2 and Not5 play a specific role in translational repression of mRNAs
coding for polylysine-stalled proteins.
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Not2 and Not5 play a role in fast translational repression upon nutrient withdrawal
In addition to these findings, we could also show that Not4 is required for fast global
translational repression in response to nutrient shortage (Preissler & Reuther et al., 2015).
To compare the role of Not2 and Not5 with Not4 in this process, we investigated whether
loss of both proteins leads to a defect in repression of translation upon amino acid withdrawal.
Indeed, comparable to not4Δ cells translational repression was impaired in the absence of
Not5 and to a lesser extent in not2Δ cells, as polysome peaks were still detectable after
amino acids have been removed (Figure 3).
Protein biosynthesis has to be tightly regulated to guarantee a coordinated supply of
functional new proteins. We suggested that deregulated translation in not4Δ cells leads to an
imbalance in cellular protein homeostasis and thus to induction of the heat shock response
and accumulation of aggregated proteins (Preissler & Reuther et al., 2015).
Based on the similar results obtained from cells lacking Not2, Not5 or Not4 regarding growth
on translation inhibitory drugs as well as translation control we reasoned that deregulated
translation also causes folding stress in cells lacking Not2 or Not5. Indeed, quantitative
analysis of protein aggregates in cells lacking components of the Ccr4-Not complex revealed
severe accumulation of insoluble proteins in not2Δ and not5Δ mutants although the amount
of aggregated proteins was slightly reduced compared to not4Δ cells (Figure 4A). However,
separation of the aggregated species by SDS-PAGE revealed a very similar band pattern
(Figure 4B). Mass spectrometric analysis confirmed a large overlap of over 500 proteins
identified in the aggregate fraction in all three strains [data not shown and (Preissler &
Reuther et al., 2015)]. Furthermore, Hsp104 levels in cells lacking Not2 or Not5 were also
elevated indicating constitutive folding stress as observed earlier in not4Δ strains (Figure 4C).
Altogether, these observations strongly claim that Not2, Not5 as well as Not4 form a
functional unity that is important for maintenance of protein homeostasis in yeast.
The RING domain and the C-terminus of Not4 are crucial for its functionality
Not4 binds the scaffold protein Not1 via a region in its C-terminus (Bhaskar et al., 2015;
Panasenko & Collart, 2011) and its N-terminal RING domain is crucial for the interaction with
the E2 enzymes Ubc4/5 and its in vitro ubiquitination activity (Albert et al., 2002; Bhaskar et
al., 2015; Mulder et al., 2007; Panasenko et al., 2006; Winkler et al., 2004). The function of
the central RNA recognition motif (RRM) remains unknown. We therefore investigated
whether the individual domains of Not4 have an impact on protein homeostasis. A series of
truncated Not4-HA versions lacking different domains as well as the well described mutant
NOT4-L35A, which was reported to be deficient in its E3 ligase activity in vitro and in vivo
(Dimitrova et al., 2009; Haworth et al., 2010; Kerr et al., 2011; Mulder et al., 2007) were
expressed in a not4Δ background (Figure 5A). Expression of the truncated Not4 variants
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was confirmed by Western blot analysis (Figure 5B). Full-length Not4 and Not4-L35A could
restore the growth defect back to wild type levels (Figure 5C) and suppressed the
accumulation of aggregated proteins (Figure 5F). This suggests that both wild type Not4 as
well as Not4-L35A compensate the loss of endogenous Not4. Amongst the truncation
variants only expression of Not4-ΔRING could alleviate the growth defect of not4Δ cells
(Figure 5C), however, neither truncated Not4 version could complement the aggregation
phenotype (Figure 5D). The RING domain of Not4 has been shown to interact with the E2
enzymes Ubc4/5, whereas its binding to the Ccr4-Not complex depends on its C-terminus
(Bhaskar et al., 2015; Panasenko & Collart, 2011). Thus, both interactions seem essential to
maintain cellular viability and protein homeostasis. This result is consistent with the finding
that Not4 interaction with Not2 and Not5 is important to maintain its stability and function.
Other E3 ligases are not involved in regulation of protein synthesis
Since Not4 is an E3 ligase interacting with the ribosome where it seems to fulfill a specific
function in cotranslational quality control and its absence has a conspicuous effect on cellular
protein homeostasis, we asked whether the lack of other E3 ligases, in particular ones with
established functions in protein quality control, has a similar impact on protein homeostasis.
Therefore, we deleted UBR1 and DOA10 both encoding E3 ligases implicated in ERassociated protein degradation (ERAD), SAN1 that codes for a nuclear E3 ligase and HUL5,
expressing an E4 enzyme that elongates ubiquitin chains. Analysis of aggregation showed
no accumulation of insoluble proteins in cells lacking Ubr1, Doa10, San1 and Hul5,
respectively (Supplementary Figure S2A). This result implies that missing ubiquitination of
some proteins due to the lack of an E3 enzyme does not generally cause an imbalance in
protein homeostasis, which is also consistent with the wild type-like behavior of the Not4L35A point mutant (Figure 5). Hence, we suggest that Not4 plays a specific role in
maintaining cellular protein homeostasis that is not primarily dependent on its function as an
E3 ligase.
Proteins that are ubiquitinated by Not4 have no impact on cellular protein
homeostasis
So far there are only a few substrates known that are ubiquitinated by Not4. For example,
Not4-mediated polyubiquitination of the demethylase Jhd2 controls histone methylation and
gene expression (Mersman et al., 2009) and Not4 has been shown to contribute to
proteasome integrity as it associates with the proteasome assembly factor Ecm29. In the
absence of Not4, Ecm29 interacts less well with the proteasome and gets ubiquitinated and
degraded (Panasenko & Collart, 2011). Furthermore, Not4 ubiquitinates the ribosomal
protein Rps7A, which is important for yeast viability in the absence of its paralog Rps7B
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(Panasenko & Collart, 2012). The aggregation phenotype of not4Δ could also be indirect as
deregulation of the mentioned substrates in cells lacking Not4 might lead to an imbalance of
protein homeostasis. Therefore, we analyzed protein aggregation in cells lacking Jhd2,
Ecm29 and Rps7A and compared it with not4Δ cells (Supplementary Figure S2B). However,
absence of the potential Not4 substrates Jhd2 and Ecm29 did not cause protein aggregation,
suggesting that loss of their functionality is not causative for protein aggregation in not4Δ
cells (Supplementary Figure S2B). Additionally, no aggregation has been found in cells
lacking NAC, another described Not4 ubiquitination target (Koplin et al., 2010; Panasenko et
al., 2009). However, aggregated proteins accumulated in rps7AΔ cells but to much lesser
extent than in not4Δ mutants and the band pattern was also differnet. Aberrant polysome
profiles in the absence of Rps7A could explain the protein aggregation that might occur as a
consequence of altered translation or ribosomal defects (Panasenko & Collart, 2012). In
conclusion, deregulated substrates that are normally ubiquitinated by Not4 do not cause the
imbalance in protein homeostasis in not4Δ mutants.
Not4 and Ssb play distinct roles during ribosome stalling events
The factors Ssb/RAC and NAC constitute an important chaperone system at the yeast
ribosome that interacts with a multitude of nascent polypeptides and participates in their de
novo folding (del Alamo et al., 2011; Gautschi et al., 2002; Nelson et al., 1992; Wiedmann et
al., 1994; Willmund et al., 2013). Since Ssb/RAC was recently identified to be crucial for
translational repression induced by polybasic residues (Chiabudini et al., 2012; Chiabudini et
al., 2014), we thought to elucidate a functional connection between the ribosome-bound
factors Ssb, NAC and Not4 in this process.
First, we analyzed genetic interactions between Not4, Ssb and NAC encoding genes and
found that deletion of both SSB1/2 and NOT4 caused synthetic lethality pointing to an
important but diverse role of Ssb and Not4 in protein quality control (Figure 6A). Cells lacking
both NAC (egd1Δegd2Δbtt1Δ) and Not4, however, were viable and showed no increased
growth defect compared to not4Δ single mutants (Figure 6B).
Not4 has been reported to preferentially interact with translating ribosomes (Preissler &
Reuther et al., 2015), whereas Ssb and NAC mainly associate with 60S particles and 80S
ribosomes [Figure 6C and (Nelson et al., 1992; Rospert et al., 2002)]. To further investigate
the functional connection between Not4 and other ribosome-associated factors we performed
polysome profiling with strains lacking Not4, Ssb/RAC or NAC and analyzed the distribution
of the respective proteins in the collected fractions by immunoblotting (Figure 6C). Deletion
of NOT4 had no influence on the ribosome association of Ssb, Zuo1 or NAC, and Not4 was
still detectable in polysomal fractions in the absence of Ssb or NAC (Figure 6D and E),
suggesting that the three factors have no impact on each other in regard of ribosome binding.
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As we claimed that Not4 represses the production of proteins containing polylysine stretches
(Preissler & Reuther et al., 2015) and as Ssb was implicated to be crucial in NSD (Chiabudini
et al., 2012), we made use of diverse reporter constructs causing transient ribosome stalling
to further investigate a possible functional overlap of Ssb and Not4 [Figure 7A and (Preissler
& Reuther et al., 2015)]. The K0 construct was expressed in all strains (Figure 7B). The
expression of K12-M or K12-C proteins in the absence of Ltn1 causes accumulation of
arrested polypeptides (Figure 7C and D). This effect is strongly enhanced when Not4 is
missing in addition, again supporting its role in translational repression of polylysine proteins.
Interestingly, for the K12-M construct this synergistic effect was also visible in cells lacking
both Ssb and Ltn1 (Figure 7C). However, different from another study, no truncated arrest
products were visible in the ssbΔ knock out strain (Chiabudini et al., 2012; Chiabudini et al.,
2014). Deletion of NAC encoding genes in addition to LTN1 did not lead to further
accumulation of arrested proteins, indicating that NAC plays no significant role in translation
repression or degradation of polylysine stalled proteins (Figure 7F). K12-C protein levels
were only marginally elevated in ssbΔltn1Δ mutants when compared to cells lacking Ltn1
(Figure 7D).
The expression of non-stop proteins leads to synthesis of long lysine stretches when the
ribosome runs into the poly(A) tail of an mRNA. This should cause stronger ribosome stalling
compared to expression of twelve consecutive lysine residues. Cells lacking Ski7, which
recruits the exosome to non-stop mRNAs, accumulate NS proteins and this effect is
enhanced in ski7Δltn1Δ double knock out cells (Bengtson & Joazeiro, 2010; Frischmeyer et
al., 2002; Inada & Aiba, 2005; van Hoof et al., 2002). Deletion of NOT4, however, had no
effect on the levels of non-stop proteins (Preissler & Reuther et al., 2015). We now
expressed the non-stop reporters in cells lacking both Ssb and Ltn1 and compared the levels
to proteins containing a proper termination codon (Figure 7E). In contrast to stop proteins the
levels of the non-stop proteins were elevated in the double mutant comparable to ski7Δltn1Δ
cells and this is consistent with data obtained with an ssb∆ strain when the proteasome was
inhibited [Figure 8E and (Chiabudini et al., 2012)].
In our previous study we reported that Not4 is important for general translational repression
upon nutrient withdrawal (Preissler & Reuther et al., 2015) and another study could
demonstrate that ssbΔ cells were not able to block protein synthesis when glucose was
removed from the growth medium (von Plehwe et al., 2009). In this context, Ssb was shown
to keep SNF1 kinase, which is essential for the expression of glucose-repressed genes, in a
nonphosphorylated and therefore inactive state when glucose is available. In order to further
dissect the roles of Not4 and Ssb regarding translational repression we compared polysome
profiles of cells lacking Ssb with not4Δ mutants upon glucose or amino acid starvation
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(Figure 8). In line with the mentioned study, repression of translation upon glucose
withdrawal was impaired in ssbΔ cells to the same extent as seen for not4Δ cells. Consistent
with our previous study this effect was even more pronounced when the mutants were grown
in the absence of amino acids [Figure 8 and (Preissler & Reuther et al., 2015)]. Cells lacking
NAC showed no derepression of translation when glucose and amino acids were absent
from the growth media (Figure 8). Hence, Ssb as well as Not4 are important for general
translational repression after nutrient starvation.
Previous studies revealed that ribosomal proteins and biogenesis factors aggregate in the
absence of Ssb accompanied by a deficiency in ribosomes and translating polysomes
(Koplin et al., 2010). Cells lacking the Hsp110 protein Sse1, which serves as a nucleotide
exchange factor (NEF) for multiple Hsp70s, including Ssb and Ssa1-4, also accumulate
insoluble proteins but the pattern of the isolated aggregated species is different from ssbΔ
mutants (Figure 9B and C and (Koplin et al., 2010). As protein aggregation in not4Δ cells
depends on ongoing translation [Figure 9A and (Preissler & Reuther et al., 2015)] we
addressed the question whether this is also the case in ssbΔ and sse1Δ cells. Aggregate
isolation from yeast cultures either grown at 22°C or 30°C, however, showed that in the
absence of Ssb or Sse1, insoluble proteins accumulated also during conditions of reduced
translational fidelity, suggesting that the correct folding of the aggregated proteins depends
on the chaperone activity of Ssb and Sse (Figure 9B and C). These results point to crucial
but different roles of both Ssb and Not4 in maintenance of cellular protein homeostasis.

Discussion
The Not module of the Ccr4-Not complex is comprised of Not2, Not3, Not4 and Not5 and in
this study it becomes clear that the presence of Not2 and Not5 but not Not3 is crucial for
Not4 function. Not2 and Not5 are important for the stabilization of Not4, since full-length Not4
protein levels were drastically reduced in a not2Δ or not5Δ background but not in cells
lacking other complex components (Figure 1C). In turn, however, at least Not5-HA3 was
stable in the absence of Not4 (Figure 1E).
Moreover, cells lacking Not2 and Not5 revealed the same growth deficits and morphological
abnormalities as not4Δ mutants (Figure 1A and B). The three not mutant strains also
exhibited a similar defect in translational repression of K12-M reporter mRNAs encoding
polylysine proteins that arrest transiently during their synthesis (Figure 2C). We could also
show that elevated mRNA levels do not account for the strong accumulation of arrest
proteins in these strains (Preissler & Reuther et al., 2015). Comparing the role of Not2 and
Not5 with Not4 in translational repression upon nutrient withdrawal revealed that all three
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proteins are important to shut down protein synthesis when amino acids are absent from the
growth medium (Figure 3).
The observation that not2Δ and not5Δ cells grow poorly on plates containing translation
inhibitory drugs and accumulate protein aggregates similar to not4Δ mutants further
strengthens the assumption that the three Not proteins Not2, Not5 and Not4 form a functional
unity within the Ccr4-Not complex (Figure 1A and B, Figure 4A and B). In addition, the heat
shock response was induced in the absence of Not2 and Not5 comparable to cells lacking
Not4 indicating constitutive folding stress (Figure 4C). Protein aggregation might be the
cause for the severe growth defects of not4Δ, not2Δ and not5Δ cells, however, there are
facts that argue against this hypothesis. Not4 levels were strongly reduced in the absence of
Not2 and Not5, whereas at least Not5 was stable in not4Δ cells. Moreover, only Not4
contains functional motifs such as the RING domain or the RRM, although their exact in vivo
relevance remains unclear, and therefore Not4 might fulfill the main function in maintenance
of protein homeostasis. Additionally, the loss of Not4, Not2 or Not5 leads to defects in
inhibition of translation of polylysine proteins as well as upon nutrient withdrawal. Strikingly,
although growth was strongly impaired the aggregation phenotype of not4Δ cells could be
ameliorated by reducing the growth temperature to 22°C (Figure 9A). These facts claim that
severe protein aggregation occurs due to deregulated translation in the absence of Not4 and
that the aggregating proteins are not intrinsically defective. This in turn probably causes the
strong growth defects characteristic for not4Δ, not2Δ and not5Δ mutants.
Taken together, these observations imply that Not2 and Not5 are closely connected to the
function of Not4. So far one can only speculate that this connection most likely relies on a
stabilizing effect of Not5 and/or Not2 on Not4. Indeed, previous studies could show that Not2
and Not5 maintain the integrity of the Ccr4-Not complex and that this function is conserved
(Azzouz et al., 2009; Bai et al., 1999; Boland et al., 2013; Ito et al., 2011; Maillet et al., 2000;
Russell et al., 2002). This might also explain that the growth defects and accumulation of
aggregated proteins were more pronounced in cells lacking Not2 or Not5 compared to not4Δ
cells, since the absence of these two proteins probably also disturbs the activities of the
deadenylases Ccr4 and Caf1. Based on this, the failure of genomic HA-tagging of Not2 hints
at the importance of the proper dimerization of Not2 and Not5 to maintain the integrity and
functionality of the Ccr4-Not complex. Not2 is a small protein that contains the Not-box in the
C-terminal region, whereas the N-terminus is essential for Not1 binding. Hence, C-terminally
tagged Not2 may not properly or not at all interact with Not5 via the Not-box domain leading
to a lethal phenotype in the not4Δ background. Since the absence of Not2 always correlated
with the phenotype of not5Δ mutants we anticipate that Not2 levels were also comparable in
wild type as well as in the absence of Not4. The need of a proper interaction of Not5 in the
absence of Not4 might also explain the impaired growth of a NOT5-HA3not4Δ mutant
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compared to not4Δ cells (Figure 1D). Accordingly, Not5 could not be GFP-tagged at its Cterminus in a previous study (Muhlrad & Parker, 2005). Hence, alterations of the C-termini of
Not2 and Not5 might result in improper interaction with Not1, especially in the absence of
Not4.
Moreover, functional connections have been described regarding the three proteins Not2,
Not4 and Not5. For example, they localize to cytoplasmic P bodies that are formed especially
under stress conditions and accumulate translationally repressed mRNAs and decapping
factors (Parker & Sheth, 2007). In this context, Not2, Not4 and Not5 were shown to stimulate
deadenylation-independent decapping of EDC1 mRNA in yeast (Muhlrad & Parker, 2005). In
another study, Not4 overexpression could suppress not1, not2 and not5 mutations (Collart &
Struhl, 1994; Oberholzer & Collart, 1998) and a Not4 protein lacking its C-terminal part that is
necessary for Ccr4-Not complex binding, could not complement the growth and aggregation
phenotype characteristic for not4Δ cells (Figure 5C and D). Recent structural analyses of the
yeast Not module provide evidence that Not2 and Not5 bind the Ccr4-Not scaffold protein
Not1 in close proximity to Not4. Thereby, the site where Not2 and Not5 interact with Not1
seems to be different from the one Not4 binds to although there is a marginal overlap
between the binding sites of Not5 and Not4 on the Not1 surface (Bhaskar et al., 2015). One
has to mention that these structural insights are based on investigations of isolated
C-terminal portions of Not4 and Not5 only. This fact renders it still possible that Not2 and
Not5 exert a stabilizing effect on Not4 by direct contact or by induction of conformational
changes within the Ccr4-Not complex upon their binding to Not1, which in turn may facilitate
Not4 binding.
As a conclusion, these findings strongly support the idea that the three Not proteins form a
functional subcomplex and that Not2 and Not5 stabilize Not4 to maintain its function. This is
strengthened by the fact that Not5 and probably also Not2 are stable in the absence of Not4.
In order to investigate a possible functional connection between the ribosome-associated
factors Ssb and Not4 we first analyzed the genetic interaction of the respective genes. The
single mutants were viable but the simultaneous loss of Ssb and Not4 caused synthetic
lethality of the yeast cells implying that both proteins do not act in the same pathway and
play diverging but related roles in the cell (Figure 6A). Accordingly, Not4 and Ssb did not
affect each other’s ribosome association (Figure 6B and C). Furthermore, investigating the
role of Ssb during transient ribosome stalling revealed that truncated arrest products
expressed from K12-M mRNA accumulate synergistically in cells lacking both Ssb and the
ribosome-associated E3 ligase Ltn1 compared to ltn1Δ single mutants (Figure 7C). This
effect was milder when K12-C proteins were expressed in the double mutant (Figure 7D).
Non-stop proteins in an ssbΔltn1Δ background were produced at similar levels as in
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ski7Δltn1Δ cells (Figure 7E) implicating that Ssb functions in quality control of proteins
lacking a stop codon.
In contrast to another study, reporter protein levels were not elevated in cells lacking Ssb or
Zuo alone [Figure 7 and (Chiabudini et al., 2012)]. This might be explained by the difference
in the arrest reporters used. In the mentioned study Luciferase was fused to a varying
number of lysine residues (Luc-Lys12, Luc-Lys20) and the effect of reporter protein
accumulation in ssbΔ and zouΔ cells was less pronounced for Luc-Lys12 compared to LucLys20.
Moreover, as the binding site of Ssb/RAC is assumed to be close to the ribosomal exit site it
is more likely that the chaperone triad exerts its function on the protein level, whereas Not4
and the Ccr4-Not complex might rather act on the mRNA level (Preissler & Reuther et al.,
2015). A recent study claimed that RAC/Ssb might help ribosomes to overcome polylysinedependent stalling by facilitating their progression through the ribosomal tunnel (Chiabudini
et al., 2014). Thus, RAC/Ssb is suggested to affect translation elongation or termination. In
accordance with this assumption, Ssb has been reported to associate with slowly translated
proteins to assist their de novo folding (Willmund et al., 2013). The ribosome-association of
Not4 has been shown to depend on translating ribosomes harboring nascent chains. It
therefore rather exerts its function independent of Ssb/RAC by stimulation of decapping or
cap-dependent modulation of translation initiation (Preissler & Reuther et al., 2015).
Most importantly, the mechanism how Ssb and Not4 recognize stalled ribosomes has to be
identified. However, since Ssb is a ribosome-associated chaperone there might be no need
to recruit it specifically to stalled ribosomes as it might be the case for Not4. Polylysine
segments are supposed to arrest translation when they are located in the ribosomal tunnel.
Thus, the amino acid sequence itself barely serves as a recognition signal for Ssb and Not4.
It is possible that the transient translation arrest caused by polybasic stretches is sensed by
ribosome-associated factors maybe through conformational changes within the exit tunnel.
Rearrangements in the geometry of the PTC occur for example also during SecM-mediated
ribosome stalling in bacteria (Bhushan et al., 2011).
Polysome profiling showed that Ssb is required for fast translational repression upon nutrient
withdrawal what could also be demonstrated for Not4 [Figure 8 and (Preissler & Reuther et
al., 2015)]. This is consistent with a previous publication showing that Ssb modulates the
activity of the SNF1 kinase in the presence of glucose allowing an appropriate adaptation to
changes in glucose availability (von Plehwe et al., 2009). However, a dependence of Ssb on
translational shutdown upon amino acid starvation has not been demonstrated so far
(Figure 8). These results suggest that Ssb as well as Not4 are crucial for translational
repression in the absence of nutrients and it is assumed that both factors regulate this
process on different levels. Importantly, it has to be taken into account that cells without
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functional Ssb/RAC chaperone triad exhibit defects in translation and accumulate aggregated
ribosomal proteins (Albanèse et al., 2010; Koplin et al., 2010). This could also have
pleiotropic effects and might hamper the translation of mRNAs encoding polylysine proteins
as well as the responsiveness to a changing nutrient supply. In accordance with this
assumption, the absence of Rps7A caused a mild aggregation phenotype possibly due to
affected ribosomes and translation [Figure 5B and (Panasenko & Collart, 2012)].
Strikingly, although in both ssbΔ as well as not4Δ cells insoluble proteins accumulate,
aggregation does not depend on ongoing translation in the absence of Ssb (Figure 9),
highlighting again the functional differences between Ssb and Not4. This suggests that
proteins might aggregate in ssbΔ cells due to the lack of the chaperone function, whereas
proteins are still able to fold correctly in the absence of Not4 under conditions with reduced
translational activity and are not defective per se. Furthermore, whereas Ssb is very
abundant in the cell, components of the Ccr4-Not complex are generally expressed at low
levels (Ghaemmaghami et al., 2003) pointing to a regulatory function of Not4.
In conclusion, both Ssb and Not4 play highly important but distinct roles in translation
regulation at the ribosome but their exact function in this process still remains elusive and
requires further investigations.
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Figures

Figure 1: Not4 levels are reduced in not2Δ and not5Δ cells. A) Serial dilutions of cells were spotted on YPD
plates with or without translation inhibitory drugs and grown as indicated. B) Yeast cell morphology of wild type
(wt) and mutant cells was analyzed by differential interference contrast (DIC) microscopy. Bars: 5 µm.
C) Indicated yeast strains lacking components of the Ccr4-Not complex were grown to mid logarithmic phase in
YPD and normalized cell lysates were analyzed by Western blot with antibodies directed against Not4. G6PDH
was detected as loading control. D) Growth analysis of strains with HA3-tagged Not5. Upper panel: Serial dilutions
of indicated yeast strains were spotted on YPD plates and incubated for 2 days at 30°C. Lower panel: Cells were
either transformed with empty pRS316 vector (pEV) or with pRS316 expressing NOT4 (pNOT4), spotted on
plates without uracil and incubated as indicated. E) Western blot analysis as described in C). Not5-HA3 was
immunodetected with anti-HA antibodies and α-NAC served as loading control.
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Figure 2: Not2 and Not5 contribute to translational repression of polylysine proteins. A) Schematic
representation of mRNA expressing the non-stalling GFP-Flag-His3 (K0) fusion protein or the ribosome-stalling
construct GFP-K12-Flag-His3 with twelve consecutive lysine residues inserted between GFP and Flag (K12-M).
B and C) Yeast cells were transformed with either the K0 (B) or the K12-M stalling plasmid (C) and cultured to an
optical density (OD600) of 0.8. Normalized lysates were analyzed by Western blotting and full-length as well as
truncated arrest products were detected using antibodies against GFP (α-GFP) or the Flag tag (α-Flag). β-NAC
served as loading control. Arrest product levels were quantified, normalized to the loading control and expressed
relative to ltn1Δ. Similar results were obtained in two separate experiments. Asterisks mark degradation products.
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Figure 3: Cells lacking Not2 or Not5 show defects in fast translational repression upon amino acid
starvation. Polysome profiling performed with wild type (wt) or mutant yeast cells. Absorption traces at 254 nm
(A254) are depicted. Yeast strains were grown to an optical density (OD600) of 0.5 in SCD, pelleted and
resuspended in starvation medium with or without amino acids. After 10 minutes incubation the cells were
analyzed by polysome profiling.
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Figure 4: The absence of Not2 and Not5 causes severe phenotypes. A) Dot-blot assay with aggregates
isolated from indicated yeast strains. Protein aggregates were quantitatively prepared and twofold serial dilutions
of isolated aggregates were vacuum-filtered through a PVDF membrane, stained with Coomassie and quantified.
Shown are mean values and SD bars of three experiments (n = 3). B) Aggregates were prepared as in A).
Normalized lysates (total) as well as aggregated proteins were separated by SDS-PAGE and stained with CBB.
C) Hsp104 levels of normalized lysates of wt and not mutants were analyzed with Hsp104-specific antibodies and
G6PDH was detected as loading control. The signals were quantified and normalized to the loading control.
Similar results were obtained in two separate experiments.
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Figure 5: The RING domain and the C-terminus of are essential for Not4 functionality. A) Schematic of the
used Not4 variants. B) Expression test of HA-tagged Not4 variants. not4Δ cells were transformed with plasmids
depicted in (A) and normalized cell lysates of two transformants were applied to Western blot analysis. Not4-HA
versions were detected with HA-specific antibodies. The clones with better expression were used for the spotting
assay in (C). C) Transformed yeast cells with wither the empty pRS316 vector (pEV) or plasmids encoding
different Not4 versions were spotted in serial dilutions on SCD-Ura plates and incubated as indicated.
D) Aggregates were isolated from normalized lysates, solubilized in SDS sample buffer and separated by SDSPAGE together with samples from the normalized cell lysates (total). Proteins were stained with Coomassie blue.
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Figure 6: Not4 is not functionally connected to Ssb and NAC. A) Spotting assay of wild type (wt) and mutant
cells. Serial dilutions were spotted on YPD plates and incubated as indicated. B) wt, not4Δ and nacΔ not4Δ cells
were either transformed with empty vector (pEV) or a plasmid encoding NOT4 (pNOT4). Serial dilutions were
spotted on SCD-Ura and grown as indicated. C) Ribosome profiles of wt and not4Δ cells. Equal A260 units of cell
lysates were loaded onto sucrose cushions (15-45%), ultracentrifuged and traced by measuring the absorption at
254 nm. Fractions were collected, TCA precipitated and analyzed with antibodies directed against NAC, Ssb,
Zuo1, Sse1 and Rpl25. D and E) Polysome analysis performed as in C with wild type and cells lacking Ssb (D) or
NAC (E). Not4 localization was analyzed with Not4-specific antibodies. Rpl25 was detected as ribosomal marker.
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Figure 7: The role of Ssb in translation of polylysine proteins. A) Schematic of mRNAs encoding the K0 and
the K12-M control construct. In the GFP-Flag-His3-K12 construct twelve lysine residues are fused to the His3 at
the C-terminus (K12-C). GFP-Flag-His3-Stop and GFP-Flag-His3-NS represent constructs either with (Stop) or
without a termination codon (NS). B-F) Cells expressing either the K0 (B and F), K12-M (C and F), K12-C (D),
Stop and NS (E) construct were grown to exponential phase, lysed and Western blotting was performed with
equal amounts of normalized cell lysates. Antibodies directed against GFP (α-GFP) or Flag (α-Flag) were used to
detect truncated or full-length proteins. G6PDH served as loading control.
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Figure 8: Not4 as well as Ssb are required for fast translational repression in response to nutrient
withdrawal. A) Absorbance traces at 254 nm are shown. Cells grown to optical density (OD600) of 0.5 were
shifted to medium with or without 2% glucose and incubated for 10 min. Upon cycloheximide addition to stop
translation cells were harvested and polysome profiles were prepared. B and C) Polysome profiles as in (A) Cells
were cultured in SCD medium to OD600 0.5 and transferred to SCD or yeast nitrogen base (YNB) supplied with
2% glucose without amino acids. Prior polysome analysis cells were incubated for 10 min and cycloheximide was
added.

Figure 9: Protein aggregation in ssbΔ cells is independent of translation activity. A-C) Wild type (wt) and
not4Δ cells (A) as well as cells lacking Ssb (B) or Sse1 (C) were grown to an optical density (OD600) of 0.8 at
22°C or 30°C and protein aggregates were prepared from equal volumes of normalized lysates. Aggregates and
samples of the normalized lysates (total) were applied to SDS-PAGE and proteins were stained using Coomassie
blue.
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Supplementary Figures

Figure S1: The Not2-HA3 fusion protein is functional. Serial dilutions of cells were spotted on YPD plates and
grown as indicated.

Figure S2: Other E3 ligases and ubiquitination targets of Not4 have no impact on protein homeostasis
A, B) Cultures of the indicated strains were harvested in mid logarithmic phase. Normalized cell lysates (total) and
isolated aggregated proteins were separated by SDS-PAGE and stained with Coomassie.
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Abstract
The kinetics and thermodynamics of protein folding are commonly studied in vitro by
denaturing/renaturing intact protein sequences. How these folding mechanisms relate to de
novo folding that occurs as the nascent polypeptide emerges from the ribosome is much less
well understood. Here, we have employed limited proteolysis followed by mass spectrometry
analyses to compare directly free and ribosome-tethered polypeptide chains of the Srchomology 3 (SH3) domain and its unfolded variant, SH3-m10. The disordered variant was
found to undergo faster proteolysis than SH3. Furthermore, the trypsin cleavage patterns
observed show minor, but significant, differences for the free and ribosome-bound nascent
chains, with significantly fewer tryptic peptides detected in the presence of ribosome. The
results highlight the utility of limited proteolysis coupled with mass spectrometry for the
structural analysis of these complex systems, and pave the way for detailed future analyses
by combining this technique with chemical labelling methods (for example, hydrogen-
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deuterium exchange, photochemical oxidation) to analyse protein folding in real time,
including in the presence of additional ribosome-associated factors.

Introduction
Protein folding mechanisms have been studied extensively on purified proteins in the >40
years since Anfinsen’s initial studies (Anfinsen, 1973). These experiments have revealed
details of folding energy landscapes and of how sequences determine the complexity of
folding to a native state (Gershenson & Gierasch, 2011). However, the way in which a
nascent polypeptide initiates folding as it emerges from the ribosome exit tunnel is much less
well understood. Indeed, the ribosome is known to interact with nascent chains during
translation, and folding of the nascent chain is assisted by chaperones immediately upon its
emergence from the ribosome exit tunnel(Cabrita et al., 2010; Kramer et al., 2009). The
surface of the ribosome may also alter the kinetics and/or thermodynamics of the folding
process compared with in vitro refolding studies. For example, the chaperoning abilities of
the E. coli ribosome (70S) have been shown to prevent aggregation of partially folded protein
intermediates (Pathak et al., 2014). The ribosome has also been found to retard folding of
two-domain proteins via decelerating the formation of stable tertiary interactions and the
attainment of the native state (Kaiser et al., 2006). There is a high degree of functional and
structural conservation between bacterial and eukaryotic ribosomes and conserved rRNA
elements of the large ribosomal subunit are assumed to have chaperoning functions.
Accordingly, the protein folding ability is also observed for eukaryotic ribosomes, e.g. from
yeast, rat liver or wheat germ, and seems to be a universal property of the translation
machinery	
  (Pathak et al., 2014).
The synthesis of proteins by ribosomes in vivo proceeds in a vectorial fashion commencing
from the N-terminus. Thus, the folding of nascent polypeptides may be different from the
refolding of full-length denatured proteins wherein the full sequence is available to form
interactions throughout the folding process. Sequential folding of domains during synthesis
on the ribosome depends on the nascent polypeptide. In most small single-domain proteins,
complete emergence of the nascent polypeptide is required before co-translational folding
occurs (Eichmann et al., 2010). Alternatively, some proteins start to attain secondary and
tertiary structures immediately after they begin to emerge from the ribosomal exit tunnel
(Frydman et al., 1999; Nicola et al., 1999). Domain-wise folding is proposed to be the
efficient folding pathway for many eukaryotic multi-domain proteins (Netzer & Hartl, 1997).
The ribosomal exit tunnel, on average 20 Å wide, can potentially accommodate an α-helix. In
addition to being a route from which to liberate the nascent chain, the exit tunnel wall has
been found to form specific interactions with the nascent polypeptide (Lu & Deutsch, 2014;
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Mankin, 2006). Indeed, nascent chain-tunnel interactions are used for drug sensing by the
ribosome (Arenz et al., 2014) and some small molecules can be employed to stall ribosomes
via interaction with the exit tunnel(Fedyukina & Cavagnero, 2011; Gumbart et al., 2012).
Here we have generated stalled E. coli ribosomes

7

using a 27-residue peptide, SecM

(Nakatogawa & Ito, 2002), with the motif 150FxxxxWIxxxxGIRAGP166 which interacts
strongly with the ribosome and causes translation to stop. The construct used to generate
ribosome-nascent chain complexes (RNCs) is shown in Figure 1a. The SecM sequence is
genetically fused via an

8-residue linker (GASGGASG) and a recognition site for TEV

protease (ENLYFQG) to the C-terminal end of the nascent polypeptide. This assures the
exposure of the nascent polypeptide at the outside of the ribosomal exit tunnel. The multiple
cloning site (MCS) enables introduction of a target gene encoding a nascent polypeptide of
choice into the vector. The N-terminus of the nascent polypeptide is attached to a triple
StrepII-tag with a small ubiquitin-related modifier (Smt3)-domain in between. The 8-residue
StrepII tag (WSHPQFEK) enables affinity purification of the stalled RNCs by forming a
complex with streptavidin (Schaffitzel & Ban, 2007). Smt3 is recognized by the Ulp1 protease
(Ubiquitin-like-specific protease 1) that cleaves the polypeptide downstream of Smt3,
producing nascent chains with a correct (i.e. native) N-terminus (Mossessova & Lima, 2000).
We have used limited proteolysis followed by mass spectrometric analysis to compare
directly free and ribosome-tethered polypeptide chains of the Src-homology (SH3) domain
and its unfolded variant, SH3-m10. To achieve this, we have generated two types of RNCs:
SH3-RNC and SH3-m10 RNC, together with their corresponding intact sequences (i.e.,
isolated polypeptides)	
   (Eichmann et al., 2010). The SH3 domain from α-spectrin (63 residues,
ΔGF-U=3.9 kcal mol-1) consists of five β-strands and was used as a model for a folded chain
(Figure 1b). SH3-m10, the W42G and W43V variant of SH3, is unable to fold and served as
a model for an unfolded state.19 Thus, the structure and stability of the polypeptide
sequence could be compared both in its native and unfolded forms and in the context of
display at the ribosome exit site.7 We then used limited proteolysis of both the free and
ribosome-bound

nascent

chains

followed

by

nano-electrospray

ionisation

-

mass

spectrometry (nESI-MS) to compare directly the structure and dynamics of the ribosometethered polypeptide chains with their free counterparts. The data show that the trypsin
cleavage rate is different for the free and ribosome-bound nascent chains, with less
extensive digestion detected in the presence of the ribosome. Moreover, using nESI-MS,
peptides released from the nascent chains could be distinguished from a wealth of peptides
originating from the ribosomes themselves. The results highlight the power of MS-based
approaches, in terms of speed, sensitivity and the ability to characterise individual
components within heterogeneous samples, for the analysis of RNCs. They also pave the
way for further detailed studies, for example using chemical labelling techniques such as
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hydrogen-deuterium exchange, photochemical oxidation and cross-linking combined with
sequence analysis using tandem MS.

Experimental section
Design and purification of ribosome-nascent chain complexes
The plasmid (Figure 1a) was used to generate RNCs as described previously (Eichmann et
al., 2010). Free proteins were expressed recombinantly and purified as described in (Blanco
et al., 1999). Note that the proteins contain an additional N-terminal methionine (numbered
M1) compared with the wild-type sequence.
Circular dichroism spectroscopy
Far-UV circular dichroism (CD) spectra for all isolated protein variants (8 µM in 10 mM
ammonium acetate buffer at pH 6.0) were recorded on a Chirascan spectrophotometer
(Applied Photophysics, Leatherhead, Surrey, UK), equipped with a Peltier temperature
controller, in a 1.0 mm cuvette, with 4 nm bandwidth. The secondary structure content was
estimated from the far-UV CD spectrum in the 180 to 260 nm range of each protein variant
using Applied Photophysics Pro-Data and Global 3 Analysis software. Protein stability was
analysed by monitoring the CD signals at 210, 224 and 228 nm upon thermal denaturation.
Thermal runs were performed from 20 to 90°C at a rate of 1°C min-1. After thermal
denaturation, protein samples were cooled to the starting temperature to confirm the
reversibility of denaturation.
Limited proteolysis
RNCs were buffer exchanged into 56 mM ammonium acetate, 4 mM magnesium acetate at
4°C using Amicon Ultra-0.5 YM-30 centrifugal filter devices (Merck Millipore, Darmstadt,
Germany) and then subjected to limited proteolysis with trypsin (quantities as stated in the
Results section) for 10 min at 20°C, pH 6.8. The peptides were separated from intact RNCs
in the filtrate collection tube of a second filter with 30 MWCO and buffer exchanged into 50
mM ammonium acetate pH 6.8. To quench any further possibility of digestion, 10 µl of 50%
(v/v) aqueous formic acid and 20 µl of acetonitrile were added to the collection vial prior to
MS analysis (Figure 2). Stoichiometric equivalents of each isolated protein were digested
under the same conditions as RNCs, i.e. trypsin at 20 oC, pH 6.8, 10 min (Figure 2).
nESI-MS, nESI-MS/MS and nESI-IMS-MS
Following proteolysis of isolated and ribosome-bound SH3, SH3-m10, the tryptic digest
mixtures were introduced into a quadrupole-travelling wave ion mobility spectrometry
(TWIMS)-time-of-flight mass spectrometer (Synapt HDMS, Waters Corpn., Manchester, UK)	
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(Pringle et al., 2007) by Z-spray nanoESI (nESI). The mass spectrometer was operated in
positive ion mode with in-house fabricated gold/palladium coated nESI capillaries at 1.5 kV, a
source temperature of 40°C, and a backing pressure of 1.6 mbar. The sampling and
extraction cone voltages were 40 V and 3 V, respectively. Ions were extracted into the flight
tube (1.10-6 mbar) and detected by a dual microchannel plate at 1750 V. Mass calibration
was performed with a CsI solution (1 mg ml-1 in 30 % aqueous MeOH).
Solutions of peptides resulting from tryptic digests were sequenced using conventional
collision induced dissociation (CID) in the trap region of the Tri-wave cell of the Synapt
HDMS. Precursor ions were m/z selected in the quadrupole and fragmented in the trap cell
with an optimized collision energy value in the 20 to 50 V range. The trap/transfer pressure
was maintained at 8.10-3 mbar with an argon flow of 1.2 ml min-1. The MS data were
analysed using MassLynx V4.1 and BioLynx software (Waters Corpn., Manchester, UK).
To measure rotationally averaged collision cross-sectional (CCS) areas, the mass
spectrometer was operated in the ion mobility mode with a traveling wave height of 6 V, a
wave velocity of 300 m s-1, and a nitrogen bath gas flow rate of 20 ml min-1. The injection
voltages into the trap and transfer cells, located before and after the TWIMS cell, were 5 and
2 V, respectively. The CCS values were obtained via calibration with native-like protein
standard calibrants (Knapman et al., 2010). Data were processed using DriftScope software
(Waters Corpn., Manchester, UK). The theoretical CCS of the native protein was estimated
from the X-ray co-ordinates of the protein (PDB code 1SHG) as described previously (Smith
et al., 2009).

Results and discussion
Characterisation of isolated SH3 and SH3-m10
To compare the conformational properties of free and ribosome-tethered SH3 and SH3-m10
polypeptide chains, the conformational properties of these proteins in the absence of
ribosome were first examined using CD, nESI-MS and limited proteolysis.
Far-UV CD
Far-UV CD spectra of SH3 and SH3-m10 in MS-compatible buffers are shown in Figure 3.
For SH3, the spectrum has two negative maxima at 205 and 228 nm, characteristic of native
SH3 (Viguera et al., 1994). Consistent with this, the protein denatures co-operatively with a
melting temperature mid-point of 63.5±1°C (data not shown). By contrast, the CD spectrum
of SH3-m10 has a dominant negative band around 210 nm, indicative of an unfolded state
(Figure 3). Thermal denaturation of SH3-m10 indicates an absence of co-operative unfolding
for this species (data not shown).
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nESI-MS and nESI-IMS-MS
The conformational properties of SH3 and SH3-m10 were next studied using nESI-MS to
characterize the isolated polypeptides further. Analysis from 10 mM ammonium acetate
solution at pH 5.8 generated a charge state distribution, which highlighted the structural
differences between the native and unfolded polypeptides (Figure S1). For native SH3, only
three charge states (+3 to +5) were detected (Figure S1b), consistent with the charge-tomass correlation expected for a folded, globular protein (Gamero-Castano & de la Mora,
2000). By contrast, SH3-m10 has a wider charge state distribution (from +3 to +8) under the
same solution conditions (Figure S1d), indicative of a more extended and dynamic
conformeric fingerprint. On decreasing the pH to 3.2, changes are observed in the ESI mass
spectrum of SH3-m10: the +6 to +8 charge states ions are more highly populated and two
additional, more highly charged species (+9 and +10 ions) appear. In the case of SH3, which
populates a compact conformer at pH 5.8, the pH had to be lowered to pH 2 to denature the
protein as apparent from the widening of the charge state distribution (+4 to +10 ions), similar
to the distribution observed with SH3-m10 at pH 3.2, with the bimodal charge state
distribution showing approximately equal intensity for the two populations (Figure S1a,c). As
both SH3 and SH3-m10 have equal numbers of basic amino acid residues (eight lysine
residues and two arginine residues each), in addition to the N-terminus (Loo, 1995), the data
suggest that under denaturing conditions in acidic pH solution these residues are exposed to
solvent and are protonated to approximately the same extent. However, under nondenaturing solution conditions, the mass spectra indicate SH3 to be in a compact, folded
state, whereas SH3-m10 is significantly more unfolded and dynamic.
Complementary data from nESI-IMS-MS analyses measuring the collision cross-sectional
(CCS) area of the proteins together with their m/z in a single experiment corroborated the
conformational differences between SH3 and SH3-m10 (Figure S2). The +4 charge state
ions of SH3 indicated the presence of two species: a more compact conformer of CCS 933
Å2 and a more extended (by ~14 %) conformer of 1071 Å2. A single conformer of CCS 1054
Å2 was observed for the corresponding +4 ions of SH3-m10, indicating that SH3 populates,
at least to some extent, a slightly more compact conformeric species for the lowest charge
state measured. Two conformers were observed in the case of the +5 charge state ions for
both SH3 and SH3-m10; the CCS values, 1233/1412 Å2 and 1206/1380 Å2, respectively,
were similar (~2 %) and within experimental error. However, the +6 charge state ions of
SH3-m10 populated a single conformer (1527 Å2), whereas the corresponding SH3 +6 ions
populated three conformers (1213, 1385 and 1538 Å2), the most extended of which is of
similar CCS to the SH3-m10 conformer, whilst the other two are significantly more compact.
The more extended conformers observed for SH3-m10 populated +7 and +8 charge states
with CCS values of 1515/1658 and 1793 Å2, respectively, were all absent in the case of SH3.
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Whilst SH3 and SH3-m10 populate some conformers of similar CCS for the +4 to +6 charge
states (~1000 and ~1200 Å2), the +4 and +6 ions of SH3 also populate more compact
conformer(s), and SH3-m10 populates more highly charged, extended conformers to a far
greater extent.
Limited proteolysis followed by nESI-MS/MS analysis
To investigate how the structural differences between native SH3 and SH3-m10 affect their
susceptibility to proteolysis, both proteins were subjected to trypsin digestion at pH 6.8
(protein:trypsin, 130:1, w/w). First, limited proteolysis followed by nESI-MS/MS analysis and
sequencing of the resulting peptides was used to compare the conformational properties of
the free proteins. Mass spectra of SH3 and SH3-m10 over 1 to 10 min digestion times under
identical conditions (Figure 4) indicate, as expected, that SH3 is more resistant to proteolysis
than SH3-m10. No intact SH3-m10 was detected after 5 min digest time but, by contrast, the
majority of the native SH3 remained intact even after 10 min of proteolysis.
To capture more specific structural details, the protein:trypsin ratios were optimized
independently for both SH3 and SH3-m10 in order to identify the first trypsin cleavage site for
each protein by time-resolved limited proteolysis (Figure S3). For SH3 (protein:trypsin, 114:1
w/w), no peptides were detected until 3 min incubation, when the first peptide, covering the
N-terminal residues 1-22 arising from cleavage at R22 (peptide labelled T1-3) was observed
(Figure S3a). The labelling nomenclature T1-3 indicates that this is the first tryptic (T) peptide
starting from the N-terminus with cleavage occurring at the third lysine/arginine residue. To
determine whether this observation could be related to the conformational properties of SH3,
the solvent-accessible surface area (SASA) of each residue in SH3 (PDB 1SHG) was
calculated (Figure S4). After scaling to account for the variation in the sizes of different amino
acid side-chains, R22 has the highest SASA of all residues in SH3. The detection of this
peptide indicates that the first two basic residues (K7 and K19) remain uncut at this early
time-point and hence are less susceptible to cleavage than R22. Observation of this peptide
first is consistent with the location of R22 in the long interconnecting loop between the first
two β-strands of SH3 (Musacchio et al., 1992) being the region of the protein that is most
susceptible to proteolysis, whilst the other potential cleavage sites (K7, K19, K27, K28, K40,
K44, R50, K60 and K61) are less exposed to trypsin proteolysis. After 4 min cleavage, in
addition to peptide T1-3, a small amount of peptide T4-9 (residues 23-60, following cleavage
at both R22 and K60) was detected. This suggests that trypsin cleaves SH3 at R22 first, then
the remaining C-terminal fragment peptide 23-63 is cleaved further at K60, based on the
proposed proteolysis mechanism of folded proteins (Park & Marqusee, 2004). After 5 min of
digestion, further proteolytic products were identified as peptides T9 (residues 51-60,
following cleavage at R50 and K60), T8-9 (residues 45-60, cleavage at K44 and K60), and
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T1-2 (residues 1-19, cleavage at K19), in addition to small amounts of peptide T5-7 (residues
29-44, cleavage at K28 and K44) (Figure 4a and S3a). After 10 min, additional peptides T4
(residues 23-27, cleavage at R22 and K27) and T6-10 (residues 29-61, cleavage at K28 and
K61), were observed. By 20 minutes, cleavage at K60 was also detected with the
appearance of peptide T1-9 (residues 1-60). However, under these specific limited
proteolysis conditions, trypsin digestion was not detected at either residue K7 or K40.
Inspection of the SASA values (Figure S4) indicates that K7 and K40 both have relatively
high SASA scores in native SH3, so this does not account for the lack of proteolysis at these
two residues. K7 is located immediately prior to the first β-strand of SH3 and K40 just before
the third β-strand, so it is possible that these residues are protected by the secondary
structure and/or dynamics of the protein in these regions. By contrast with SH3, SH3-m10 is
more susceptible to trypsin digestion, undergoing proteolysis at a much faster rate under
identical conditions. At a ratio of SH3-m10:trypsin (130:1 w/w), six of the ten potential trypsin
proteolysis sites were cleaved after only 1 min incubation: namely, residues K19, R22, K27,
K28, R50 and K60, resulting in the detection of peptides T1-2 (residues 1-19), T1-3 (residues
1-22), T4 (residues 23-27), T5-8 (residues 28-50), T6-10 (residues 28-61), T9 (residues 5160) and T10-11 (residues 60-63) (Figure 4b). However, at this early time-point, no cleavage
at K7, K40 or K44 was observed. Repeating the digest under optimised milder conditions,
with an SH3-m10:trypsin ratio of 2000:1 (w/w), revealed more details about the pathway of
protein cleavage. The most susceptible cleavage site was identified as K60 after 5 min
incubation (Figure S3b). The next trypsin cleavage site under these conditions was R22,
followed by K27, K19, R50, K44 and K61. Similar to SH3 proteolysis, no cleavage was
observed at K7 or K40, under these specific limited proteolysis conditions, despite the lack of
structure in SH3-m10.
The time-resolved limited proteolysis MS data suggest that not only do SH3 and SH3-m10
undergo trypsin cleavage at different rates, but also with a different order of cut-sites
(Figure S3). If the peptides detected during time-resolved limited proteolysis are the product
of a single digest, these data imply that R22, located in the long interconnecting loop in
native SH3, is the most exposed region, while K60, at the C-terminus, is the most exposed
region in SH3-m10 i.e. in the case of the disordered SH3-m10, its first cleavage site is not
limited to the long unstructured loop.
Comparing SH3-RNC and SH3-m10 RNC with their free polypeptides
To examine whether the ribosome imposes any conformational constraints or interacts with
exposed nascent SH3 domain sequences, the dynamics of the free and ribosome-tethered
proteins were compared directly using limited proteolysis in conjunction with ESI-MS/MS.
Thus, free SH3 was exposed to limited proteolysis under identical conditions in the absence
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of the ribosome, as well as in the form of an SH3-RNC complex to interrogate nascent SH3
chain folding and dynamics. The nascent chain represents only ca. 0.3 % of the total mass of
the RNC which gives rise to technical challenges for MS analysis as strong background
peaks originating from ribosome digestion complicate data interpretation. However, carefully
controlled experiments combined with the sensitivity of MS for sequencing lowly populated
peptides were able to provide a valuable tool to measure the conformational properties of
isolated SH3 and SH3-m10, as well as their nascent chains tethered to the ribosome.
The SH3-RNC:trypsin ratio was optimized at 20°C with a reaction time of 10 min using a
gradual increase in the ratio of trypsin:RNC-SH3. Limiting the amount of trypsin but
maintaining a short digestion time was required to be able to distinguish unambiguously
between the peptides originating from the nascent SH3 and the ribosome, without
interrupting the integrity of the ribosome. The RNC:protease ratio depends on the properties
of the nascent chains under investigation (Clark & Ugrinov, 2009; Evans et al., 2008;
Frydman et al., 1999). For these experiments, the RNC:trypsin ratio was optimized at 700:1
(w/w). Once a sufficient intensity of peptides was detected by MS, an equivalent amount of
free protein was subjected independently to proteolysis under identical conditions. nESIMS/MS was used to establish the mass and sequence of all the tryptic peptides observed.
A comparison of the data arising from the limited proteolysis of SH3-RNC and free SH3 in
the range m/z 650 to 1400 is illustrated in Figure 5a and colour-coded with “black”, “blue” and
“green” representing peptides detected for both SH3 and SH3-RNC, SH3 only, and SH3RNC only, respectively. It should be noted that the base peak and several of the major peaks
in the mass spectrum of SH3-RNC originate from proteolysis products of the ribosome under
these conditions. For both SH3 and SH3-RNC, peptides T1-2, T1-3, T4 and T8-9 were
observed. Peptides T1-10, T2-3, T5-7, T5-8, T6-7, T7, T8, T9, T9-11, T10 and T1-9, were
only observed in the spectrum of free SH3, whilst T3-6 and T6-8 were only detected in the
spectrum of SH3-RNC. The tryptic fragment maps obtained by limited proteolysis of free SH3
and SH3-RNC are displayed in Figure 5b (grey bars indicate peptides detected for both SH3
and SH3-RNC; blue bars: peptides observed for SH3 only, and green bars: peptides
observed for SH3-RNC only). The limited proteolysis data from free SH3 and SH3-RNC
show some similarities between the peptide cleavage patterns at the N- and C-termini
(Figure 5b). With the exception of the C-terminal residue K61 (which would cleave to
generate a dipeptide that is likely too low in mass to be detected with confidence), all
potential trypsin cleavage sites in free SH3 were identified; in the case of SH3-RNC, peptides
originating from K7 cleavage (the first N-terminal cleavage site) were not detected, nor were
peptides arising from K61 cleavage. The lack of trypsin cleavage at K7 indicates that the
N-terminus of SH3 is more protected when the protein is an integral part of the RNC.
Although, with the exception of K7, trypsin cleaves both free SH3 and SH3-RNC at similar
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sites, SH3 undergoes more extensive digestion throughout its sequence compared with SH3RNC and the number of tryptic peptides detected for SH3-RNC is significantly lower than that
observed for SH3 (Figure 5). These findings are consistent with previous NMR studies, which
indicated that the SH3 domain tethered to the ribosome via SecM exhibits a native-like
β-sheet structure (Eichmann et al., 2010).
The N-terminus of SH3 exits the ribosome tunnel first and would be expected to remain close
to the ribosome’s outer surface after completion of synthesis and folding of the domain (as
the N- and C-termini of SH3 are close in the native fold). One might postulate that the
ribosome itself would provide a steric hindrance, shielding the nascent chain from trypsin.
However, this postulation can be excluded as the sole reason for the different cleavage in the
N-terminal region of SH3 compared with SH3-RNC as follows:
1. The SecM stall sequence with 27 amino acid residues spans one half of the ribosome
tunnel (Ban et al., 2000; Gilbert et al., 2004; Malkin & Rich, 1967) (the tunnel can
accommodate a maximum of 30 residues from the C-terminus of the nascent chain). The
stalling peptide used in our RNCs has a total length of 27 amino acids (Eichmann et al.,
2010), followed by an 8-residue linker, and a 14-residue length TEV cleavage site (Figure 1).
Altogether, this should ensure the exposure of nascent polypeptides well outside of the
ribosome;
2. K60 is only three amino acids away from the C-terminus of SH3 and is cleaved in both
SH3 and SH3-RNC. This indicates that the C-terminus of nascent SH3 is either exposed
from the ribosome or the ribosome vestibule is accessible by trypsin (if the C-terminus
resides in the vestibule). Considering a 9.51 Å distance between the Cα atoms of K7 and
D63 in the crystal structure of the free SH3 (Viguera et al., 1995), the N-terminus should be
in close proximity to the C-terminus once the SH3 domain folds when tethered to the
ribosome (Eichmann et al., 2010). Next, the conformational properties of SH3-m10, as the
isolated protein and a nascent chain complex, were compared using a similar limited
proteolysis procedure. A higher degree of similarity was observed in the peptide
fragmentation patterns of free and ribosome-bound SH3-m10 compared with the
corresponding SH3 proteins. The mass spectra for both free SH3-m10 and SH3-m10-RNC
show proteolysis products involving cleavage at seven out of the ten basic residues, namely:
K19, R22, K27, K28, K44, R50 and K60 (Figure 6). Further, peptides T4-8, T4-9, T5-8, T5-9
and T6-10 were detected solely in free SH3-m10 spectrum, whereas peptide T3-10 was only
observed in the SH3-m10-RNC spectrum. However, no peptides corresponding to K7 and
K40 cleavages were detected for either free SH3-m10 or SH3-m10-RNCs. This latter
observation suggests that nascent SH3-m10 is exposed at its C-terminus, likely with no
persistent interactions with the surface of the ribosome. Under identical limited proteolysis
conditions, the majority of peptides detected in the limited proteolysis of free and ribosome-
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bound SH3-m10 are the same but of lower abundancy in the latter case. Comparing the
limited proteolysis data obtained for nascent SH3-RNCs with SH3-m10-RNCs, the latter is
more susceptible to trypsin cleavage, as would be expected for an unfolded ribosometethered chain (Eichmann et al., 2010).
Assessing the effect of the presence of RNCs on limited proteolysis of SH3 proteins
Finally, to determine whether the presence of the large number of lysine and arginine
residues in the ribosomes themselves affects the trypsin cleavage patterns observed in SH3RNCs and SH3-m10-RNCs, control experiments were performed in which RNCs containing a
different nascent chain (GA98-RNCs, (He et al., 2012)) were added to a solution of free SH3m10 and the mixture subjected to limited proteolysis as before. The data show that the
presence of GA98-RNCs does not affect the tryptic digest products of free SH3-m10, as
observed by nESI-MS/MS (Figure S5).
Conclusions
By using the SH3/SH3-m10 system, which has been studied previously at the atomic level
using NMR7, as proof of principle we have demonstrated the utility of limited proteolysis
coupled with MS to report on co-translational protein folding on the bacterial ribosome. The
inherent high sensitivity, high speed of analysis and ability to analyse heterogeneous
samples associated with MS allows short digestion times as only minute amounts of released
peptides from the nascent chain are required for detection, thus minimising time dependent
changes in the nascent chain or ribosome conformation subsequent to proteolysis. The use
of a specific protease such as trypsin enables straightforward identification of accessible
locations on the nascent chain conformation, even in complex mixtures such as those
described here. Differences in the resulting digestion fragments reveal small, but significant,
variances in the conformational properties of the free proteins and permit comparisons to be
made not only between wild-type and variant SH3, but also between the free proteins and
their respective RNCs. These investigations pave the way for more detailed insights into
nascent chain folding using chemical labelling techniques such as hydrogen-deuterium
exchange, photochemical oxidation and cross-linking combined with MS analyses.
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Figures

Figure 1. The sequence and display of Src-homology 3 (SH3) domains on stalled ribosomes. (a) Plasmid for
expressing nascent chains on stalled ribosomes (Eichmann et al., 2010). The nascent chain contains an Nterminal triple StrepII tag (red) followed by a Smt3 domain (green), a multiple cloning site (MCS), a recognition
sequence for the TEV protease (magenta), an eight amino acid residue linker (yellow), and the 27 amino acid
residue SecM stalling peptide (grey); (b) the amino acid sequence and the secondary structure of SH3 and SH3m10. Peptides resulting from tryptic digestion are indicated above the sequence; e.g. T1 represents resides 1-7
following cleavage at the first basic site, K7. Red arrows indicate the location of the β-strands within the protein
sequence according to the crystal structure of SH3 (Musacchio et al., 1992).

Figure 2. Experimental procedure for the limited proteolysis of RNCs. RNCs were buffer exchanged into 56 mM
ammonium acetate, 4 mM magnesium acetate at 4°C and then subjected to limited proteolysis with trypsin
(pH 6.8, 20°C). The resulting peptide fragments were separated from intact RNCs in the filtrate collection tube of
a second filter and buffer exchanged into 50 mM ammonium acetate. To fix the digestion time at 10 min, the
filtrate collection tube was supplied with 10 µl of 50% formic acid, 20 µl of acetonitrile prior to collecting the
digested peptides. See also Experimental Section.
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Figure 3. Far UV-CD characterisation of isolated SH3 (red) and SH3-m10 (blue) acquired at a protein
concentration of 8 µM in 10 mM ammonium acetate, pH 6.0.

Figure 4. Trypsin proteolysis of SH3 and SH3-m10. Limited proteolysis (50 mM ammonium acetate pH 6.8, 20°C,
protein:trypsin, 130:1, w/w) followed by ESI-MS analysis showing mass spectra of (a) SH3, and (b) SH3-m10,
over 1, 5, and 10 min digest time.
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Figure 5. A comparison of limited proteolysis of SH3 and SH3-RNCs. (a) ESI-MS spectra showing the peptide
fragments detected following limited trypsin proteolysis (50 mM ammonium acetate, pH 6.8, 20°C) of SH3 (red
peaks) and SH3-RNC (black peaks) (protein: trypsin, 700:1 w/w); (b) the amino acid sequence of SH3 showing
the location of the five β-strands (red arrows) and the fragment maps of free SH3 and SH3-RNC. Peptides
detected for SH3 only (blue); peptides detected for SH3-RNCs only (green); peptides detected for both proteins
(grey).
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Figure 6. A comparison of limited proteolysis of SH3-m10 and SH3-m10 RNCs. (a) ESI-MS spectra showing the
peptide fragments detected following limited trypsin proteolysis (50 mM ammonium acetate, pH 6.8, 20°C) of
SH3-m10 (red peaks) and SH3-m10 RNC (black peaks) (protein: trypsin, 700:1 w/w). (b) the amino acid
sequence of SH3-m10 showing the location of the five β-strands in native SH3 (red arrows) and the fragment
maps of free SH3-m10 and SH3-m10 RNC. Peptides detected for SH3-m10 only (green); peptides detected for
SH3-RNCs only (blue); peptides detected for both (grey).
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Supplementary figures

Figure S1: nESI-MS mass spectra of SH3 and SH3-m10 analysed from aqueous 10 mM ammonium acetate.
SH3 (a) at pH 2.0 and (b) at pH 5.8; SH3-m10 (c) at pH 3.2 and (d) at pH 5.8. Charge state ions corresponding to
+3 to +9 are indicated above the spectra.
n.b. The SH3-m10 used in these experiments was >90% pure by mass spectrometry. The small peaks m/z 12001400 are peptide impurities which were impossible to remove completely by standard purification procedures.
These impurities (mass 3801 Da (+3 ions) and 5540 Da (+4 ions)) correspond to two partial sequences of SH3m10: residues 21-54: PREVTMKKGDILTLLNSTNKDGVKVEVNDR QGFV and residues 6-54: GKELVLALYDYQE
KSPREVTMKKGDILTLLNSTNKDGVKVEVNDRQGFV, respectively. As these minor impurities contain neither a
C-terminal arginine nor lysine, their presence does not affect the limited proteolysis results presented.
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Figure S2: nESI-IMS-MS collision cross-sectional (CCS) areas for SH3 (black crosses; charge states +4 to +6)
and SH3-m10 (red circles; charge states +4 to +8). The theoretical CCS of native SH3 was calculated from PDB
1SHG as described previously (Smith D. P., Knapman T. W., Campuzano I, Malham R. W. Berryman, J. T.,
Radford, S. E., Ashcroft, A. E. (2009) Deciphering drift time measurements from travelling wave ion mobility
spectrometry - mass spectrometry studies. Eur. J. Mass Spectrom. 15: 113-130). The difference between the
2

calcuated CCS (750 Å ) and the CCS of the most compact conformer detected for the lowest charge state (933
2

2

Å ) is larger than the expected experimental error (± 7%; ± 65 Å ) indicating some expansion of SH3 in the gasphase.

Figure S3: Limited trypsin proteolysis time-courses. (a) SH3 (protein:trypsin, 114:1 w/w) and (b) SH3-m10
(protein:trypsin, 2000:1 w/w), in 50 mM ammonium acetate, pH 6.8, 20°C, as determined using nESI-MS/MS. The
grey vertical bars show the times at which proteolysis at specific lysine and arginine residues are observed.
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Figure S4: Graph showing the solvent-accessible surface area (SASA; Å ) for each residue of SH3 (PDB 1SHG).
The individual residues were scaled to account for the variation in the sizes of each amino acid type. n.b.
Recombinant SH3 has an extra N-terminal methionine residue (residue 1); residues 2 to 7 (VDETGK) are missing
in the crystal structure of SH3 (PDB 1SHG). The blue asterisks (*) indicate the locations of the lysine and arginine
residues in the SH3 sequence. The amino acid sequence for SH3 is shown below the graph, together with the
locations of the five beta-strands observed in the native structure (red arrows and red font).

Figure S5: nESI-MS spectra of the limited trypsin proteolysis (50 mM ammonium acetate, pH 6.8, 20°C)
observed for SH3-m10 (lower spectrum, red) and SH3-m10 in the presence of GA98 RNCs (upper spectrum,
black font) (protein: trypsin 700:1 w/w). The similarities between the two spectra indicate that the presence of
RNCs alone does not affect the proteolysis pattern of isolated SH3-m10.
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Synopsis summary: Hydroxyl radical footprinting mass spectrometry is a reliable technique
to report on the surface-accessible amino acid side-chains of biomolecules. In an accurately
controlled experiment, hydroxyl radicals, produced rapidly by UV laser photolysis of dilute
H2O2 solution, label proteins prior to any changes in their conformation. This technique
allows to distinguish between folded and unfolded (random coil) proteins at single residue
resolution.
Abbreviations: Fast photochemical oxidation of proteins mass spectrometry (FPOP MS), Srchomology 3 (SH3), signal-to-noise ratio (S/N), solvent-accessible surface area (SASA), ion mobility
spectrometry-mass spectrometry (IMS-MS), nano electrospray ionization mass spectrometry (nESIMS)

Abstract
Hydroxyl radical footprinting coupled to mass spectrometry is a reliable technique to report
on the surface-accessibility of amino acid side-chains of biomolecules. Here, the fast
photochemical oxidation of proteins mass spectrometry (FPOP MS) is optimized for the
determination of the footprinting results in dependence of the experimental parameters. An
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accurately controlled experiment regime has been achieved such that the labeling of the
protein occurs prior to any changes in its conformation. Experimental settings were varied
and replicated to establish the reproducibility and accuracy of the technique. The method
was applied to compare footprinting data on two proteins of very similar sequence with
different folds, namely SH3 that folds into a compact β-barrel made of five antiparallel
β-strands and its random coil mutant SH3-m10. Data from calculated solvent-accessible
surface area (SASA) and the intrinsic oxidation rates of each amino acid in the protein
sequence were used to compare these data against the experimental footprinting data from
FPOP MS. Thereby, we demonstrate the accuracy of the approach in providing an unbiased
evaluation of protein conformation. MS analysis of the labelled proteins, both intact and with
a bottom-up approach, demonstrates the capability of FPOP MS to distinguish between
folded and unfolded proteins. Overall, the FPOP MS approach is an accurate and reliable
method for assessing differences in protein structure and fold, showcasing its high potential
for structural biology.

Introduction
Covalent labeling of proteins and subsequently mapping the labeled site by mass
spectrometry (MS) has become a powerful tool in structural biology (Kaltashov & Eyles,
2012);	
   (Huang et al., 2015; Mendoza & Vachet, 2009) and especially hydroxyl radical
labeling of biomolecules has recently attracted increasing attention (Jones et al., 2011)
(Vahidi et al., 2013); (Li et al., 2013). In this technique, known also as fast photochemical
oxidation of proteins (FPOP), the surface-accessible amino acid side-chains are reacted with
hydroxyl radicals generated rapidly by UV laser photolysis of a diluted hydrogen peroxide
solution without causing backbone cleavages. Under optimized conditions, the labeling
reactions occur prior to any rearrangements in the conformation of biomolecules. An
alteration in mass upon labeling occurs that can then be tracked by MS to examine dynamics
of proteins and to obtain residue specific information. Further, by monitoring changes in
oxidation site and extent versus time, time-resolved kinetic data on biomolecular dynamics
can be obtained (Stocks & Konermann, 2010).
Due to their very small size, hydroxyl radicals diffuse extremely fast in aqueous solutions and
since they have a rather low specificity towards different amino acids they rapidly oxidize
side-chain residues in contact with solvent. Importantly, the irreversibility of the covalent
modification allows a more robust downstream analysis of labeled proteins. In addition to
solvent accessibility, the extent of modification depends on the reactivity of each amino acid
side-chain towards hydroxyl radicals that expands over three orders of magnitude (from
~1010 to 107 M-1s-1, pH (6.1-7.8) (Xu & Chance, 2007). Amino acids containing sulfur display
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fastest reactivity, followed by aromatic rings and aliphatic side-chains (Maleknia & Downard,
2001). The mechanism of the labeling reaction depends on the amino acid side-chain
chemistry, resulting in 12 possible types of side-chain oxidation products (Zhu et al., 2009).
However, the probability and occurrence of all these oxidation products vary. For instance,
formation of an alcohol group and an aldehyde/ketone group, resulting in +16 and +14 Da
mass shift, are among the most common events. In addition to products with +16 and ±32 Da
mass shift for methionine upon reaction with hydroxyl radicals (Xu & Chance, 2005), further
ejection of methanesulfonic acid (CH3SOH, 64 Da) from the side chain of the +16 product
during MS analysis has been reported. Multiple additions of hydroxyl radicals in residues with
aromatic rings may result in multiples of 16 Da increases in mass (i.e. +32, +48). Some of
the labeling reactions can result in a change in the charge of the residue, subsequently
deteriorating their ionization efficiency during MS analysis. For instance, the labeling product
of cysteine with +48 Da mass shift, cysteic acid, is negatively charged that is not easily
detected in positive ion mode MS. A list of nine possible types of side-chain oxidation
products can be found in Table I.
In this study, we report the results of a systematic investigation on the footprinting pattern of
a small single-domain protein, SH3, under varying experimental condition. The SH3 domain
from α-spectrin (63 residues) consists of five antiparallel β-strands. Optimization of the FPOP
MS experiments has been obtained through a systematic investigation of the influence of
laser settings, concentration of oxidant and scavenger, and protein conformation on protein
footprinting. Traditionally, the experimental parameters are empirically adjusted to limit
multiple exposure events of protein footprinting. Herein, we predicted the experimental
conditions that minimize multiple exposure events under a laminar flow regime and
subsequently confirmed it experimentally. The ability of the technique to distinguish between
proteins with different folds is also demonstrated by comparing footprinting results of the
compactly folded SH3 with it mutant, SH3-m10, that contains two point mutations (W42G and
W43V) and attains a random coil like structure (Blanco et al., 1999). To gain a single residue
resolution, the labelled proteins were subjected to proteolysis and the locations of
modifications were mapped by LC-MS/MS. As hydroxyl radical footprinting is a random
process dependent only on the solvent-accessible surface and the chemical properties of the
exposed amino acids, the effects of these factors on the FPOP MS outcome were taken into
consideration. A combination of calculated solvent accessible surface area (SASA) with
amino acids intrinsic reactivities together with footprinting data enables insight into proteins
higher order structure.
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Materials and Methods
Preparation of SH3 and SH3-m10
Both proteins, SH3 and SH3-m10, were expressed in Escherichia coli and purified
recombinantly. Proteins consist of 63 residues (residues 0 to 62). For mutant SH3-m10, two
SH3 tryptophan residues at positions 41 and 42 have been changed to glycine and valine,
respectively, to generate a random coil structure. Far-UV circular dichroism data indicated a
native fold for SH3 and a random coil for SH3-m10 secondary structure (data not shown).
For FPOP, both proteins were analyzed at 10 µM in 20 mM ammonium acetate (pH 6.5).
FPOP (•OH radical) labeling of proteins
Typically, each sample contained 10 µM protein, 10 mM glutamine, and 20 mM ammonium
acetate. H2O2 quantity was added immediately before infusing the solution to the FPOP
apparatus (Fig. 1), to a final concentration of 6 mM. Solutions were pumped through a fused
silica capillary (150 µm ID) with a 100 µL syringe pump at 20 µL/min. The other end of the
capillary is open to the air. A 248 nm, 20-ns laser pulse (100-mJ KrF excimer laser, 20 Hz,
Coherent COMPexPRO 50F, Ely, UK) was focused through a convex lens (250 mm focal
length) onto an area inside the capillary. A UV transmitting irradiation window was formed on
the capillary by removing the polyimide coating with a flame. The oxidation reaction was
initiated by •OH radicals generated by laser flash photolysis of H2O2. The laser light was
focused onto an area of 3.0 mm × 8.0 mm (in horizontal and vertical directions, respectively).
The irradiation window (3.0 mm × 150 µm) was placed inside this area at the middle of the
lens and focal point (F½). The glass capillary is susceptible to breakage at the point where
the laser focuses due to the high energy density of laser beam. The capillary outflow
containing a population of labeled proteins was collected in an Eppendorf tube that is
inserted in liquid nitrogen to quench the oxidation reactions. Frozen, labeled samples were
freeze-dried and kept at -80°C prior to MS analysis. This system enables us to achieve
labeling times is the µs time scale. The experimental parameters are indicated in Fig. 1
together with a magnified view of the irradiation window. Repeats of three measurements
were conducted. Control experiments under identical conditions but in the absence of laser
were also performed.
Fused silica capillary tubes (Postnova Analytics Inc., Landsberg, Germany) of three different
sizes were used in the experiments, with inner diameters of 75, 100 and 150 µm.
Sample clean-up and proteolysis
Samples were cleaned and buffer exchanged in 20 mM ammonium acetate at 4°C using
Amicon Ultra-0.5 YM-3K centrifugal filter devices (Millipore, Darmstadt, Germany). Samples
were analyzed by MS intact or subjected to proteolytic digest. For proteolytic digest, samples
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were proteolyzed with 10:1 protein: protease (w/w) at 37°C overnight (pH 6.5). Samples were
digested once with trypsin and another time with Glu-C to gain the maximum peptide
sequence coverage.
Mass spectrometry and data analysis of the oxidation products
Mass spectra were recorded on a Synapt HDMS or G2-S quadrupole time-of-flight (Q-TOF)
instrument (Waters Corpn., Manchester, UK) in positive ion TOF mode. Intact MS was
recorded by static nano electrospray ionization (nESI) with the capillary and cone voltages at
1.5 kV and 40 V, respectively. A traveling-wave height of 6 V, a wave velocity of 300 m s-1,
and a nitrogen bath gas flow rate of 20 ml min-1 were applied when the mass spectrometer
was operated in the ion mobility spectrometry mode. Data were processed using MassLynx
V4.1 and DriftScope software (Waters Corpn., Manchester, UK).
Mapping of the oxidation sites was by data-dependent LC-MS/MS. Data were collected using
an Ultimate 3000 nano HPLC system (Dionex, Thermo Scientific, Hemel Hempstead, UK)
coupled online via a z-spray nESI source to the Q-TOF mass spectrometer. Peptides (1 µL)
were loaded onto a PepMap C18, 100 µm i.d.×15 cm analytical column and were separated
by gradient elution of 2-45% solvent B (0.1% formic acid in acetonitrile) in solvent A (0.1%
formic acid in water) over 60 min, at 0.35 µL min-1. The MS was operated in positive ion TOF
mode using a capillary voltage of 3.8 kV, cone voltage of 20 V, backing pressure of 2.47
mbar and a trap bias of 4 V. The source temperature was 80°C. Argon was used as the
buffer gas at a pressure of 5.0×10-4 mbar in the trap and transfer regions. Mass calibration
was performed using a separate injection of 2 µg/µl sodium iodide. Glu-1-Fibrinopeptide B
(Sigma Aldrich Company Ltd., Poole, Dorset, UK) was used as a peptide mass standard and
infused as a lock mass calibrant with a one second lock spray scan taken every 30 seconds
during acquisition. Ten scans were averaged to determine the lock mass correction factor.
Data acquisition was carried out using data-dependent analysis with a one second MS over
an m/z range of 350-3000 being followed by three 1 second MS/MS taken of the three most
intense ions in the MS spectrum over an m/z range of 50-2000. The collision energy applied
was dependent upon both the charge state and the mass of the ions selected. A dynamic
exclusion of 60 seconds was used. For labeled peptide characterization, raw mass spectral
data from data-dependent acquisition mode were converted by MassWolf (v. 4.3.1), and
searched against SH3 and SH3-m10 tryptic peptides in a customized database using PEAKS
Studio 7 software (Bioinformatics Solutions Inc., Waterloo, ON, Canada). The fixed
modifications were oxidation of methionine and deamidation of asparagine and glutamine. All
potential FPOP modifications were set as variable modifications. A maximum of seven
variable post-translational modifications (PTMs) per peptide and three missed cleavages
were allowed. A minimum of three FPOP repeats were used for identification of the modified
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residues. The results were further verified by manual MS/MS spectral assignments of all
modified peptides.

Results
Optimization Studies
The experimental setup for FPOP is shown in Fig. 1. Factors that influence the outcome of
footprinting were evaluated and optimized. Preliminary experiments were conducted on the
Src-homology 3 (SH3) domain to evaluate how different FPOP parameters may affect the
extent and type of modifications. In an optimized experiment multiple exposure events are
minimized such that all exposed side-chain residues of a protein are oxidized in a single
event (i.e., single exposure regime). Oxidation via hydroxyl radicals may cause changes in a
protein’s conformation or can even lead to its unfolding. Thus, undergoing further oxidation
results in a modified protein with no or little relation to the properties of unmodified protein.
On the other hand, a low level of oxidation subsequently yields less abundant oxidized
species that can challenge the detection of the labeled residues.
The optimal FPOP parameters were determined by measuring the oxidation level of SH3
after footprinting at various experimental settings. To allow a direct comparison between
oxidations attained by systematically varying the FPOP experimental settings, we maintained
the protein concentration at 10 µM with a flow rate of 20 µL min-1. Accordingly, the
parameters have to be adjusted when the protein concentration changes (as discussed
below). We examined the effects of a wide number of alterable parameters including laser
frequency as well as the concentrations of hydrogen peroxide and the scavenger on the
oxidation reaction products of SH3. Aiming at further improving the technique, experiments
were conducted to determine the preferred method of quenching post-FPOP reactions.
Further, a set of the optimization studies were conducted to evaluate how different protein
conformations and fold may affect the footprinting patterns and products. Finally, by
combining the experimental parameters an authentic single exposure regime was achieved,
resulting dominantly in incorporation of single oxygen atoms in SH3.
Effect of laser pulse repetition rate on SH3 footprinting pattern
Irradiating a H2O2 molecule with UV light (λmax=248 nm) causes homolysis of the O-O bond,
forming two hydroxyl radicals. These radicals can then react with σ- and π-bonds in proteins.
To study the relation between the pattern of oxidation and laser frequency a UV laser was
operated at 1, 2, 3, 4, 5, 10, 15, and 20 Hz and a solution of SH3 (10 µM), scavenger
(glutamine, 10 mM) and H2O2 (6 mM) was infused at 20 µL min-1 into the FPOP apparatus.
Mass spectra of SH3 and its oxidized analogues carrying +5 charges with no laser shot, 1
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and 15 Hz of laser are shown in Fig. 2(A). An increase in the oxidation level with increasing
laser frequency is observed. When the laser frequency was increased from 1 to 15 Hz, the
unoxidized species dropped from 70.3% to 39.6% (based on the ratio of the intensity of the
unoxidized protein versus that for the summed peak intensities of the total protein). With 1 Hz
of laser, two major oxidation products (i.e., +16 and +32) were detected for SH3, whereas
increasing the laser frequency to 15 Hz resulted in six oxidation products. At 15 Hz of laser,
oxidation products with lower mass compared to the unoxidized SH3 were also detected.
Note that in the absence of laser, two small peaks (~10%) corresponding to +16 and +23 Da
mass shifts in the mass spectrum of SH3 (containg H2O2) were detected. The +23 increase
in mass of SH3 arises from the residual sodium adducts which were present even after
extensive dialysis. As SH3 contains two methionine residues in its sequence, one might
assign the species with +16 Da to slight oxidation of SH3 in the presence of hydrogen
peroxide. However, these species were also detected in the mass spectrum of unoxidized
SH3 in the absence of hydrogen peroxide, with their relative intensities dependent on the
stock sample. Oxidation might also occur as an effect of protein expression and preparation.
Moreover, also chemical oxidation of proteins and peptides containing methionine, leucine
and aromatic amino acids as a result of the electrolysis of water during ESI has been
reported which could account for the adducts with +16 Da mass (Bateman, 1999); (Maleknia
et al., 1999b; Morand et al., 1993). Sodium adducts are formed possibly as a result of
electrolysis as well and upon applying a positive voltage, H3O+ ions are formed due to
oxidation of water. In an electrolytic cell, cations such as Na+ migrate to the opposite
compartment of the cell (catholyte) to balance the excess of positive charge in the anode.
During nESI, however, Na+ cannot leave the tip as the “anode” and “cathode” are not
connected to each other as they are in an electrolytic cell. Thus, they form adducts with
species in the solution. In addition, the Na+-adducts have a very good ionization efficiency as
they exist in solution in a very small concentration (the only source of Na+ is from the
glassware) and are detected in the mass spectrum. In current experiments, hydrogen
peroxide was added to the protein solution immediately before running the sample through
the capillary, thus minimizing the exposure time of protein to hydrogen peroxide.
Consistency between the oxidation behavior of SH3 with increasing laser frequency (Fig. 2A)
can be explained with the amount of released •OH radicals in each experiment. Dosimetry
experiments (Niu et al., 2013) determined that an initial •OH radical concentration of 0.15 mM
is formed from 15 mM H2O2 in each laser pulse. This approximates an initial •OH radical
concentration of ~0.06 mM for each laser pulse in current experiments with 6 mM H2O2. For
a protein with a concentration of 10 µM, the ratio of the number of •OH radicals to protein
molecules is ~6:1 in a single laser pulse. For an increased laser frequency of 15 Hz, the ratio
of •OH radicals to protein molecules is increased to ~90:1. The protein solution was in

209

	
  

Publications and manuscripts
20 mM ammonium acetate, which does not absorb at 248 nm nor quench •OH radicals
(Supporting Information Fig. 1A). Thus, initially more •OH radicals are generated in a
peroxide solution with a higher concentration that are available to react with SH3.
In addition to the higher level of •OH radicals, the protein samples a different number of
oxidation events at 1 and 15 Hz of laser. Note that an irradiation window of 3.0 mm × 150 µm
(inset of Fig. 1) contains 0.053 mm3 of solution. With a flow rate of 20 µL min-1, it takes
159 ms for this portion of the solution to pass through the irradiation window. The laser pulse
duration is ~20 ns. The time interval between each pulse of laser is 1000 and 66.7 ms for
laser frequencies of 1 and 15 Hz, respectively. Thus, the protein was irradiated only once
with 1 Hz of laser while it experiences at least two laser shots with the laser operating at
15 Hz. It is noteworthy that with an increasing number of laser shots, the proportion of
unoxidized protein dropped 1.8-fold (from 70.3% to 39.6% for laser frequencies of 1 and
15 Hz, respectively), whereas the mono-oxidized species remained somewhat consistent
(19.8% and 20.4% for laser frequencies of 1 and 15 Hz, respectively). This observation
indicates that the multiply oxidized SH3 species detected at 15 Hz of laser, are formed
mainly from unoxidized SH3 and possibly to a lesser extent from further oxidation of monooxidized species. Oxidation of proteins by •OH radicals depends on both the solventaccessible surface and the chemical reactivity of the exposed amino acids towards •OH
radicals. If there are changes in the protein conformation of mono-oxidized protein species
(i.e. unfolding events), these species should become more susceptible to further oxidation
due to the changes in the solvent-accessible surface. However, our experimental
observations eliminate this scenario.
Effect of concentration of H2O2 on SH3 footprinting pattern
Next, we examined the effect of concentration of hydrogen peroxide on the oxidation extent
of SH3. Immediately before the FPOP experiments, 10 and 15 mM of H2O2 was added to a
solution of SH3 (10 µM) and scavenger (glutamine, 15 mM). As expected, with increasing
H2O2 concentration, the proportion of unoxidized protein diminishes (from 62% to 51.2%, i.e.
1.2-fold shown in Fig. 2B) for the +5 ions of SH3). The increase in the proportion of monooxidized species (from 26.2% to 38.5%, i.e. 1.5-fold) is slightly higher than the decrease in
the proportion of unoxidized species (Fig. 2B). The oxidation pattern of SH3 with 15 mM of
H2O2 might be an indication of some degree of protein oxidation by hydrogen peroxide in the
presence of 15 mM H2O2. The comparison of the mass spectra for the +5 charge states of
SH3 also indicates a lower proportion of multiply oxidized SH3 at higher H2O2 concentration
(Fig. 2B).
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Effect of concentration of scavenger (glutamine) on SH3 footprinting pattern
The •OH radical exposure time during FPOP experiments can be cotrolled via using a
scavenger. Several substances can scavenge hydroxyl radicals. For instance, substances
with double bonds can form a hydroxyl derivative upon addition of •OH radicals (Lipinski,
2011). Glutamine has been shown to effectively decrease the radical lifetimes and control the
•OH radical exposure time during FPOP experiments. A free •OH radical has a calculated life
time of one µs (in the absence of self-quenching to form H2O2) (Hambly & Gross, 2005).
Optimizing the scavenger concentration minimizes further reaction of the oxidized species
with •OH radicals. Thus, the fast consumption of radicals guarantees a faster FPOP
footprinting than protein unfolding induced by oxidation labeling. The effect of varying
scavenger concentration on the mass spectra of SH3 and its oxidized analogues carrying +5
charges with 10 and 5 mM of glutamine is shown in Fig. 3. With decreasing the scavenger
concentration from 10 to 5 mM, the proportion of unoxidized species reduced from 25.4% to
21.4% while the mono-oxidized species increased from 14.2% to 25.1%. With lower
concentrations of glutamine (i.e. 5 mM), the oxidation pattern is more complex, with
contributions from other states of modification. Gau et al.. also detected a distribution of
products with higher oxidation levels for FPOP experiments of β-lactoglobulin in the absence
of scavenger (Gau et al., 2009). In conlusion, partial unfolding can occur during the timescale
of modification in poorly optimized scavenger concentration.
Effect of different quenching methods on SH3 footprinting pattern
Any excess hydrogen peroxide after laser irradiation can further oxidize protein and the
extent depends on the storage and processing time before MS analysis. Thus, residual
hydrogen peroxide is removed to prevent further non-FPOP oxidation events of the protein.
We applied two methods to quench the oxidation of proteins by residual H2O2 after laser
irradiation. First, 200 mM methionine and 1 µM catalase (George, 1947) were added to the
collection tube (see Fig. 1) prior to collecting the labeled protein. Second, the oxidation was
quenched by freezing the sample in liquid nitrogen immediately after the FPOP reaction.
Mass spectra of SH3 and its oxidized analogues carrying +5 charges quenched with either of
the two methods (Fig. 4A) show a very similar oxidation extent and pattern. Thus, both
methods are efficient in quenching the residual hydrogen peroxide. However, the signal-tonoise ratio (S/N) is significantly higher for the sample quenched by liquid nitrogen. This is
partly because treatment of the sample by methionine and catalase is more time consuming
than freezing in liquid nitrogen. Thus, for further analysis, the samples were quenched by
freezing to remove residual hydrogen peroxide.
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Effect of protein fold on footprinting pattern
To examine the ability of FPOP MS to report on the dynamics and fluctuations of proteins
with different folds, we compared the oxidation pattern of native SH3 with its random coil
mutant, SH3-m10. Mass spectra of SH3 and SH3-m10 carrying +5 charges in the absence
and presence of laser show that under identical experimental conditions, native SH3 was
oxidized at multiple sites, with up to seven oxidations per protein, while SH3-m10 had a
maximum of four oxidations per protein (Fig. 4B). Both SH3 and SH3-m10 generate
additional products via loss of functional groups, resulting in species with m/z values smaller
than that of unoxidized proteins. While the relative normalized intensities of the unmodified
proteins are approximately the same, i.e. 29 and 30% for SH3 and SH3-m10, respectively,
the oxidation patterns are significantly different. Besides differences in the number of
oxidized products, the mono-oxidized species in SH3-m10 constitute the base peak. The
ratio of the mono-oxidized species to unoxidized species is about twice as high for SH3-m10
compared to SH3, i.e. 1.1 to 0.6 in SH3-m10 and SH3, respectively.
In an accurately controlled FPOP experiment, protein oxidation footprinting occurs faster
than protein unfolding. It is hypothesized that the distribution of oxidation products in a wellcontroled FPOP experiment should be nearly Poisson (Gau et al., 2009). In natively folded,
globular SH3, several reactive side-chains are buried inside the hydrophobic core and thus
are protected from oxidation. Superimposition of six PDB structures of SH3 revealed
considerable variations in the loop regions (with high B-factors), and hence are possibly
more susceptible to oxidation (Supporting Information Fig. 1B). In contrast, SH3-m10
generally strays from one random conformation to another, generating an ensemble of
rapidly fluctuating conformations. In addition to protein fold, scavenger concentration is
among the parameters that, if not optimized, results in deviations from a Poisson distribution
(see Fig. 3). Comparing the mass spectra of SH3-m10 and SH3 (Fig. 4B), the distribution of
products from oxygen addition to SH3-m10 significantly deviates from a Poisson distribution.
This is possibly an indication that one or more oxidation targets have a substantially different
solvent accessibility, thus making the site probabilities no longer independent. If the residues
with a very high solvent accessibility are also intrinsically very reactive towards •OH radicals,
the range of oxidation products are limited and therefore their distribution would be very
different from a native conformation. In addition to differences in the tertiary structure of the
two proteins, SH3 and SH3-m10 differ in the amino acid intrinsic reactivities. Two highlyreactive tryptophan residues (with oxidation rate constants of 1.3×1010 M-1 s-1) (Xu & Chance,
2007) in SH3 are replaced with glycine and valine with 2.8 and 1.2 orders of magnitude,
respectively, less reactivity in SH3-m10.
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From the obtained data we conclude, that the current experiments evidently demonstrate the
ability of FPOP MS experiments to distinguish between native and unfolded (random coil)
conformations.
Effect of protein concentration and denaturation on SH3 footprinting pattern
In order to investigate the effect of protein concentration on the footprinting pattern of SH3,
we now used 30 µM instead of 10 µM protein while all other FPOP conditions were identical.
The solutions were infused into a capillary (100 µm internal diameter, ID) for FPOP and mass
spcetra were recorded (Fig. 5). At the higher concentration of SH3, a higher number and a
more complex pattern of oxidation products are detected. Further, SH3 dimers are detected
in the mass spectrum (Supporting Information Fig. 2A) explaining the differences in the
oxidation patterns.
In addition, we denatured SH3 with HCl or the organic solvent acetonitrile and found that
upon addition of H2O2 (i.e., control experiments in the absence of laser), denatured SH3 was
significantly modified (Supporting Information Fig. 2B). A product of single oxygen addition to
denatured SH3 is detected (~50%), possibly due to partial loss of the native conformation
and higher exposure of residues to solvent. In parallel, once the laser is applied, the
denatured protein shows extensive oxidations as well as a higher number of oxidation
products compared to the native conformer.
Achieving a single exposure regime on the SH3 footprinting pattern
Single exposure regime is especially challenging, first because the oxidized proteins are
generally more susceptible to further oxidation than unoxidized proteins and second, the
parabolic velocity profile of the solution inside the capillary results in a portion of the solution
that is exposed to the laser at multiple times. However, one can minimize the portion of each
irradiated segment that remains in the irradiation window and undergoes subsequent laser
exposure. Considering the equations describing the laminar flow in the capillary (Konermann
et al., 2010), we calculated the distance travelled by the solution in the capillary during each
pulse of the laser (Supporting Information Fig. 3). Using the capillary dimensions and a flow
rate of 20 µL min-1, the Reynolds numbers (Re) are 5.7, 4.2 and 2.8 for capillaries with 75,
100 and 150 µm internal diameters, respectively, and thus the laminar flow regime applies
(Re«2000). Laminar flow is characterized by a parabolic velocity profile, i.e. the velocity in
the capillary depends on the distance from the center of the capillary (Supporting Information
Fig. 3). With an irradiation window of 4.0 mm, the volume of solution that might undergo
multiple laser irradiations is calculated to be the smallest for a capillary with 75 µm ID (area
under the blue curve shown as blue vertical pattern in the Supporting Information Fig. 3). A
solution of 10 µM SH3 with final concentration of 15 mM glutamine, 6 mM H2O2, and 20 mM
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ammonium acetate was pumped through a fused capillary with 75 µm ID and irradiated with
15 Hz of laser. The mass spectrum of SH3 for the +5 charge states confirms that, in contrast
to the spectra of SH3 under our “normal” FPOP condition (same solution as above, 150 µm
capillary ID) (Fig. 6A), a dominantly mono-oxidized regime is achieved with a irradiation
window of 4.0 mm (Fig. 6B). Besides the addition of up to four oxides per SH3, peaks at
lower m/z values with 12, 32 and 40 Da reduction in mass were also detected under single
exposure regime. The deconvoluted mass spectra obtained from +5 charge state of SH3
(Supporting Information Fig. 4A) reveal the differences in the oxidation patterns under the
two experimental conditions.
Further, the effect of the location of the irradiation window on the oxidation pattern of SH3
was examined. The irradiation window was slightly moved away (13.0 mm) from the lens
(and towards the focal point). However, the oxidation pattern does not seem to change
noticeably (Fig. 6C and Supporting Information Fig. 4B). This is possibly because the size of
the beam cross-section does not change significantly at the new position. On the contrary,
the size of the irradiation window seems to have more influence on the oxidation pattern as
decreasing the irradiation window from 4.0 mm to 2.0 mm results in the decrease of the
products with multiple oxide additions (Fig. 6D and Supporting Information Fig. 4B). Beside
dominantly mono-oxidized species, small amounts of doubly oxidized species were detected
along with a minute amount of products with 12 Da decrease in mass. Therefore, the extent
of SH3 modification in current experiments is influenced to a greater extent by varying the
size of the irradiation window rather than its position.
Residue-level FPOP MS comparison of native SH3 and random coil SH3-m10
As disscussed above, the effect of various experimental parameters were evaluated to find
optimized conditions for footprinting studies of SH3 and SH3-m10. We selected a solution of
10 µM protein with a final concentration of 15 mM glutamine, 6 mM H2O2, and 20 mM
ammonium acetate to compare the differences in the solvent-accessible surface area
(SASA) of native SH3 and random coil SH3-m10. Ion mobility spectrometry-mass
spectrometry (IMS-MS) experiments indicated no change in the gaseous conformation of
SH3 after FPOP experiments (Supporting Information Fig. 5). Using a bottom-up approach
SH3 and SH3-m10 were subjected to FPOP under identical conditions followed by digestion
of the modified proteins with specific proteases such as trypsin and GluC. Next, the peptide
mixtures were separated by reverse-phase liquid chromatography (LC) whereby the labeled
peptides (shown in red in Fig. 7) generally elute slightly earlier than the unmodified peptides,
due to an increase in polarity. LC is coupled directly to MS which allows determination of the
accurate masses of modified peptides and identification of the modification site(s) by peptide
fragmentation (MS/MS). The data were analyzed by PEAKS Studio 7 software and inspected
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manually to verify all software-identified oxidized residues on peptides. Data collected by
static nESI, i.e. no LC, were analyzed manually using Excel worksheets and BioLynx
software (Fig. 7A).
Trypsin digest of proteins after FPOP did not result in a high sequence coverage, possibly
because of a lower efficiency of trypsin towards modified arginine and lysine residues. To
maximize the sequence coverage we digested proteins sequencially with trypsin and GluC
(pH 6.5) resulting in a the total sequence coverage of 94% for SH3 and 98% for SH3-m10.
To locate the oxidation sites at specific amino acid residues, LC-MS/MS data were analyzed
by PEAKS Studio 7 software (Supporting Information Fig. 6A). All potential modifications
considered for the data analysis are listed in Table I. In order to provide a comparable picture
of the FPOP-modified residues for SH3 and SH3-m10 along the sequence, we determined
the number of times a residue underwent modification in at least three replicate FPOP
experiments (Fig. 8). The sequence coverage is very high with peptides not covered in
PEAKS’ data analysis (Fig. 8, blue box). The bar charts, black and grey for SH3 and
SH3-m10, respectively, represent the number of times a residue has been assigned as
modified. Both proteins feature numerous modifications distributed along the sequence.
However, there are very clear differences and the most prominent one are the enhanced
modifications of the loop regions for SH3. Residues located in the β-sheet regions of SH3,
are modified very little, whereas for SH3-m10 the modifications are less selective. This
difference is especially pronounced in the first and second β-sheet regions. The footprinting
pattern seen for folded SH3 is consistent with the burial of solvent accessible surface
residues, whereas the distribution of modified residues in the unfolded SH3-m10 is more
random.
To investigate the modification of residues corresponding to the peptide 19-22 (SPRE), not
covered by LC-MS/MS, we analyzed the tryptic digest data of SH3 manually. Our data
analysis indicates that all residues (SPRE) are modified upon FPOP treatment (Supporting
Information Fig. 6B). Based on the data, the arginine is doubly modified by addition of one
oxygen (+16) and deguanidination due to the reaction of the δ-carbon (-43). One of the
limitations of PEAKS is that only a single modification per residue is allowed. In order to
account for multiple modifications at the same side-chain position, one has to define extra
post-translational modifications (PTMs). Considering the probabilities of the number of
combinations for different modifications, data analysis will be very time consuming. Multiple
modifications at the same residue were previously detected for highly reactive aromatic and
sulfur-containing residues (Maleknia et al., 1999a); (Xu & Chance, 2005).
To further relate the observed FPOP footprinting map with the proteins’ conformations and
their intrinsic oxidation rates, we calculated the SASA of SH3 residues (grey line in Fig. 8
superimposed on SH3 footprinting data). The calculated SASA of each residue in SH3 was
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scaled to account for the variation in the sizes of amino acids. Residues 1 to 6 are missing in
the crystal structure of SH3 (PDB ID: 1SHG). In addition to solvent accessibility, we
considered the reactivity of each amino acid side-chain towards hydroxyl radicals. The
relative oxidation rates of each amino acid	
   (Xu & Chance, 2007) are shown in Fig. 8 (green
line superimposed on SH3-m10 footprinting data).
Overall, the residues with high SASA in SH3 are modified with hydroxyl radicals. A marked
increase in SASA is calculated for the residues located in the long interconnecting loop
between the first two strands of SH3 (centered at 20P located in the blue box in Fig. 8, upper
part). This region was not covered in the LC-MS/MS data, however, manual data analysis
indicated all residues, i.e. SPRE, are modified upon FPOP treatment (discussed above).
Note that a higher frequency of a footprinting event (y axis in Fig. 8) does not directly
correlate with an increased suceptibility toward •OH radicals (and vice versa). This is in part
due to the limitations in the (LC)-MS/MS analysis method and the inability to detect a
modification by MS analysis of peptides is not proof that the modification does not exist.
Besides changes in protease efficiency towards a modified protein, differences in ESI
response of various oxidation products affect the detection of (un)oxidized peptides. The
more hydrophobic peptides are the less efficiently they are ionized and are thus less
effectively detected. Further, the low abundance of oxidized products in the solution causes
additional difficulties in detecting and identifying all oxidized species. For instance, a
methionine residue at the N-terminus not only has a high SASA but also a high oxidation rate
constant (the third highest rate constant in the sequence, 8.5×109 M-1s-1) (Xu & Chance,
2007). Thus, this methionine is highly susceptible to FPOP. However, only one footprinting
event was detected for this methionine as only one peptide covering this methionine residue
was detected during LC-MS/MS analysis.
Considering the factors involved in the observed footprinting pattern (Fig. 8) and in order to
relate the SH3 footprinting data to that of SASA and the oxidation rate of individual residues,
we defined four groups. In the first group are residues with a relatively high SASA (grey line
in the upper part of Fig. 8) as well as a high oxidation rate (green line in the lower part of
Fig. 8). The threshold for high SASA and oxidation rates (in the 1.3×1010 to 3.5×109 M-1 s-1
range) are indicated with dashed horizontal lines in Fig. 8. Residues 1M, 13Y, 21R, and 49R
belong to the first category and are modified. In the second group we put residues with a
relatively high SASA but a low oxidation rate. Residues 6K, 18K, 20P, 26K, 27K, 28G, 37T,
38N, 39K, 47N, 48D, 50Q, 56A, 59K, and 62D belong to the second group out of which 6K,
20P, 50Q, and 56A are not detected as modified by PEAKS analysis. Note that 20P lies in
the peptide region not detected by LC-MS. Manual data analysis designated 20P as a
modified residue, but residue 6K was not detected as modified by manual data analysis.
Residues 50Q and 56A are located on the hydrophilic side of the fourth β-sheet and turn of
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310 helix, respectively. Manual data analysis assigned both residues as modified residues.
The third group describes the residues with a relatively low SASA as well as a low oxidation
rate. Residues 9V, 11A, 22E, 23V, 44V, 51G, 53V, and 58V are in this group with only 23V
assigned as modified. Finally, we grouped residues with a relatively low SASA but a high
oxidation rate together. Residues 15Y, 25M and 42W belong to the fourth group and all are
designated as modified. Residues 52F and 57Y, highly reactive but with moderate SASA, are
not assigned as modified by PEAKS analysis. Manual data analysis assigned residue 52F as
unmodified but residue 57Y as modified. The data interpretation thus suggests that when
both SASA and intrinsic oxidation rates of a residue are high, it is highly susceptible to
reaction with hydroxyl radicals. Alternatively, for both low SASA and intrinsic oxidation rates,
the residue remains unmodified. When SASA is low but the intrinsic oxidation rate is high,
the residue can undergo an FPOP reaction. In the case of high SASA but low intrinsic
oxidation rate, the majority of residues are modified. Together, these observations suggest a
somewhat stronger weighting for the intrinsic oxidation rates than for SASA.
For SH3-m10, finding a relationship between the footprinting pattern and intrinsic oxidation
rates of residues is less straightforward. Residues with high intrinsic oxidation rates are all
modified. We assigned arginine with one order of magnitude lower rate constant compared to
tryptophan and tyrosine as a highly reactive residue but neither (21R and 49R) is detected as
modified. The rest of the modifications are distributed along the sequence.
In addition to the bottom-up approach discussed above, we tried to map labeled residues
with the top-down analysis of modified SH3 (Supporting Information Fig. 7). Thus, intact
protein ions were subjected to collision induced dissociation (CID) with a trap energy in the
range of 50 to 65 V. To facilitate a direct comparison of the fragmentation pathway of
unmodified SH3 with that of mono-oxidized SH3 (obtained under single exposure regime),
CID was also performed on the unmodified SH3 ions with +5 charge state. Two charge
states of mono-oxidized SH3, +4 and +5, were subjected to CID to reconfirm the presence of
modifications. As noted above the detection of low abundance modified species is
challenging in MS. Subjecting a low abundance ion to further characterization in MS is
subsequently more problematic. However, we were able to isolate mono-oxidized species of
SH3 and record their MS/MS spectra (Supporting Information Fig. 7). As fragmenting an
intact protein does not often result in the detection of the whole sequence fingerprint, the
outcome of the data is only qualitative. Peaks corresponding to unmodified residues 1 to 12
and 34 to 62 (detection of either b- and/or y-type ions, i.e. these fragments contain the N- or
C-terminus, respectively) were identified in the MS/MS spectra of both +4 and +5 ions of
mono-oxidized SH3. However, not all residues in the 13 to 33 range were identified in the
MS/MS spectra to specify the precise location of the modification(s). Therefore, the sole
conclusion of top-down analysis is that the modification(s) has occurred in the 13 to 33
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residue(s) region. Note that a +16 Da increase in mass may correspond either to the addition
of one oxygen atom or to multiple modifications with a net mass change of +16.

Discussion
Covalent labeling approaches for proteins such as hydroxyl radical-mediated oxidative
footprinting combined with mass spectrometry are playing a critical role in structural biology.
Using UV laser photolysis to generate hydroxyl radicals from a diluted solution of hydrogen
peroxide gurantees a faster footprinting event than changes in the conformational
rearrangement of proteins occur. Here, the FPOP MS experiments were optimized to
maintain the native conformation of the proteins, and experimental settings were varied and
replicated to establish the reproducibility and accuracy of the technique. The method was
applied to acquire and compare footprinting data on two proteins of very similar sequence
with different folds. SH3 folds into a compact β-barrel structure made of five antiparallel
β-strands, whereas its mutant form SH3-m10 attains a random coil like conformation	
  (Blanco
et al., 1999). MS analysis of the modified proteins, both intact and with a bottom-up approach,
demonstrates the capability of FPOP MS to distinguish between folded and unfolded
(random coil) proteins. Data from calculated SASA and the intrinsic oxidation rates of each
amino acid in the protein sequence were used for comparison with data obtained from FPOP
MS. Herewith, we could demonstrate the accuracy of the approach in providing an unbiased
evaluation of protein conformation.
In our experimental set-up, the energy density of the KrF excimer laser beam is too high at
its focal point. Consequently, the irradiation window was located at the middle of the lens and
focal point (Fig. 1). At this position, the laser provides a spatially large, low flux of light,
resulting in the exposure of a relatively large volume of protein solution to radicals and
possibly a larger fraction of the protein is irradiated more than once (Fig. 1). However, a
careful design of FPOP experiments could limit the time scale of oxidation and thus the
occurrence of multiple oxidation events.
Modifications in proteins were found to change ionization efficiencies during MS analysis. In
addition, an equivalent amount of protein is spread over more states thus reducing signal
intensity, relative to the non-FPOP treated protein. Therefore, the mass spectra of the intact
modified protein show a lower S/N compared to the unmodified protein. A strong feature of
FPOP is that the irreversibility of oxidative footprinting allows a robust downstream analysis.
Here, we performed a bottom-up approach using reverse-phase liquid chromatography of
digested proteins with a data-dependent acquisition (DDA) approach to characterize the
modification sites. Other approaches such as data-independent acquisition (DIA) enable a
more efficient detection of labeled peptides with low abundance, resulting in a higher
confidence in locating the modifications. Labeled peptide enrichment strategies as well as
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targeted MS experiments such as single reaction monitoring (SRM)	
   (Doerr, 2013) may
improve the assignment of the modified sites. Lower efficiency of enzymatic digest of
modified protein, and thus low sequence coverage, is another issue in FPOP MS data
analysis. Despite the aforementioned caveats, using two proteases and applying LC-MS/MS
technique with an efficient proteomics software package, PEAKS, modified residues of SH3
and SH3-m10 were identified at a single amino acid resolution in this study.
With optimized FPOP experiments and MS analyses, peptide sequencing analysis is the
most tedious step in data analyzes. Alternatively, a top-down approach may lessen the
complexity of data, provided that a very high sequence-coverage of the intact modified
protein mass fingerprint is achieved. Here, in the case of mono-oxidized SH3, the
dissociation by CID provided qualitative data analysis such that the protein regions with no
modifications were identified. This allowed us to estimate the modification locations in the
long loop of SH3. Combining other techniques such as native electron capture/transfer
dissociation (ECD/ETD) may provide complementary information by establishing a higher
sequence-coverage in mass fingerprint.
It should be noted that when the protein is denatured by acid, the intrinsic oxidation rates of
amino acid changes due to a drop in pH of solution. Surprisingly, our manual data analysis of
acid-denatured SH3 (data not shown) identified the N-terminal methionine umodified despite
its high SASA and intrinsic oxidation rate constant. This might be an indication of a drop in
the oxidation rate of methionine at acidic pH. Previous studies indicated that at low pH (<3.0),
methionine behaves like an ordinary aliphatic thioether (Hiller et al., 1981). Furthermore, for
denatured ubiquitin, Aye et al... observed a small amount of oxidative backbone cleavage
products, attributed to the larger solvent-exposed surface areas of denatured ubiquitin and
the exposure of its backbone for oxidation-induced fragmentation (Aye et al., 2005).
The residues identified as modified in these current experiments are mainly located in the
loop regions of SH3, which is in agreement with our time-resolved limited proteolysis MS
(Rajabi et al., 2015). Overall, under well-controled experimental conditions, the FPOP MS
approach is an accurate and reliable method for assessing differences in protein structure
and fold.
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Tables
Table I. A list of all post translational modifications corresponding to the primary products of
FPOP considered in data analysis.
ΔMass (Da)
+15.99
+13.98
-30.01
-27.99
+0.98
+31.99
-31.99
-2.02
-43.05

Sites
All
K,P,R,E,V,I,L,Q
E,D
E
N,Q
M,Y,W,F
M
S,T
R

Composition change
+O (oxygen addition, sulfoxide)
+O,-2H (carbonyl)
-C,-2H,-O (decarboxylation)
-CO
Deamidation (fixed)
+2O (two oxygen additions, sulfone)
+O,-S,-C,-4H (aldehydes)
+O,-H2O (+16 and loss of H2O)
+O,-3N,-C,-5H (Deguanidination)

Figures

Figure 1: Schematic representation of the FPOP experimental set-up (not to scale). 1: syringe containing a
solution of protein, H2O2 and glutamine, 2: fused silica capillary, 3: irradiation window, 4: collection tube,
5: convex lens. The incident of the laser beam is perpendicular to the fused silica capillary. The inset shows a
magnified view of the region around the irradiation window. The polyimide capillary coating is shown in orange.
The capillary coating is removed to create the irradiation window (3.0 mm). A sequence of irradiated flow
segments generated by successive laser pulses is shown in green. Proteins are shown as grey cartoons.
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Figure 2: nESI mass spectra of SH3 and its FPOP oxidized analogues carrying +5 charges. A) MS spectra
with no laser shot, 1 and 15 Hz of KrF excimer laser (λ=248 nm). B) 10 and 15 mM of H2O2. Peaks at m/z 1464.8,
+

1468.0 and 1469.4 correspond to unoxidized, mono-oxidized and Na -adducts of SH3, respectively.
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Figure 3: nESI mass spectra of SH3 and its FPOP oxidized analogues. SH3 (10 µM in 20 mM ammonium
acetate) carrying +5 charges with

no laser (bottom) and with 10 and 5 mM of glutamine (middle and top,
+

respectively). Peaks at m/z 1464.8, 1468.0 and 1469.4 correspond to unoxidized, mono-oxidized and Na adducts of SH3, respectively.
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Figure 4: nESI mass spectra of SH3 and SH3-m10 and its FPOP oxidized analogues. A) SH3 (10 µM in
20 mM ammonium acetate) carrying +5 charges quenched with methionine/catalase (top) or liquid nitrogen
(bottom); B) Mass spectra of SH3 and SH3-m10 (10 µM in 20 mM ammonium acetate) carrying +5 charges in the
absence (red) and presence (black) of KrF laser (λ=248 nm).
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Figure 5: nESI mass spectra of SH3 with different concentrations. SH3 in 20 mM ammonium acetate and its
FPOP oxidized analogues carrying +5 charges with protein concentrations of 10 µM (native, bottom), 30 µM
(native, middle), and 30 µM (denatured, top) of SH3. Peaks at m/z 1464.8 and 1468.0 correspond to unoxidized
and mono-oxidized SH3, respectively.
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Figure 6: nESI mass spectra of SH3 under single exposure regime. SH3 (10 µM in 20 mM ammonium
acetate) and its FPOP oxidized analogues carrying +5 charges A) under “normal” FPOP conditions; B) under a
single exposure regime (with a 4 mm irradiation window located at F1/2); C) under a single exposure regime with
the irradiation window (4 mm) slightly moved away from the lens; D): under a single exposure regime with 2 mm
irradiation window located at F1/2.

Figure 7: Schematic of the FPOP work flow and data analysis (as detailed in the text). After the unmodified
protein (green) is footprinted with •OH radicals (red/blue are modifications on the protein), it is digested with
trypsin and with Glu-C. The peptide mixtures were separated by LC-MS. The labeled peptides (red) elute earlier
than the unmodified peptides (black) in reverse-phase LC. LC is coupled directly to an MS to determine the
accurate masses of peptides and to locate the modification site(s) by peptide fragmentation (MS/MS). The data
are analyzed by PEAKS Studio 7 and BioLynx software packages.
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Figure 8: Footprinting map of SH3 (top, black bars) and SH3-m10 (bottom, grey bars). The y axis shows the
number of times a residue underwent modification in at least three replicate FPOP experiments. The secondary
structure of SH3 is shown on the upper part of the graph. Residues not covered in PEAKS’ data analysis are
shown inside a blue box. The calculated SASA of all SH3 residues is shown as grey line in the upper part of the
graph. The relative oxidation rates of each amino acid is shown as green line in the lower part of the graph. The
threshold for high SASA and oxidation rates are indicated with dashed horizontal lines.

Supplementary Figures

Figure S1: A) UV spectrum of 20 mM ammonium acetate shows no absorption at 248 nm; B) The structural
superimposition of SH3 with six PDB data sets (1SHG, 1AEY, 4F16, 4F17, 2NUZ, 1U06) show fluctuations in the
loop regions (views from front & back).
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Figure S2: A) nESI mass spectrum of 30 µM SH3 showing the presence of dimers (D ) at high concentrations;
B) nESI mass spectra of SH3 and its oxidized analogues carrying +5 charges in the absence of KrF laser (control
experiments) for native and denatured SH3, which show more modification for denatured SH3 upon addition of
H 2O 2.

Figure S3: Profile of the solution in capillary tubes with 75, 100 and 150 µm ID under laminar flow regime. The
x-axis represents the distance r from the centre of capillary. With an irradiation window of 4.0 mm (y axis), the
calculated volume of solution undergoing multiple laser irradiations is shown for capillaries with 75 µm ID (blue
vertical pattern) and 100 µm (black horizontal pattern).
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Figure S4: A) Deconvoluted nESI mass spectra of SH3 for spectra shown in Figs. 6A and 6B in black and red,
respectively. B) Mass spectra of SH3 and its oxidized analogues carrying +5 charges for spectra in Figs. 6B, 6C
and 6D in black, red and blue, respectively.
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Figure S5: nESI IMS-MS DriftScope plot (top) of the +5 charge state of native SH3 and its oxidized species (up to
three oxygen atoms addition) along with their arrival time distributions (right) indicate no change in gaseous
conformation of SH3 after FPOP experiments. Mass spectrum is shown in the bottom. The +5 ions of SH3
electrosprayed from a native solution show two major conformers (a more compact and an extended conformer)
that are present for modified species.
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Figure S6: A) PEAKS’ protein coverage view displaying all PTMs identified for SH3-m10. The color coding is
shown on the right. All PTMs is are listed in Table 1; B) nESI MS/MS spectrum of residues 19-21 (SPR), showing
two modifications at 21R: addition of one oxygen (+16) and deguanidination (-43).
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Figure S7: nESI CID spectra of A) unmodified intact SH3 carrying +5 charges; B) mono-oxidized SH3 carrying +5
charges; C) mono-oxidized SH3 carrying +4 charges.
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9. Abbreviations
AAA+

ATPases associated with diverse cellular activities

acetyl-CoA

Acetyl coenzyme A

AAP

Arginine attenuator peptide

AD

Alzheimer’s disease

ADP

Adenosine diphosphate

ALP

Autophagy lysosome pathway

ATP

Adenosine triphosphate

CBB

Coomassie brilliant blue

CD

Circular dichroism

CHIP

C-terminus of HSC70-interacting protein

CMV

Cytomegalovirus

CR

charged region

cryo-EM

Cryo-electron microscopy

DDA

Data-dependent acquisition

DIA

Data-independent acquisition

DNA

Deoxyribonucleic acid

EM

Electron microscopy

ER

Endoplasmic reticulum

ERAD

ER-associated degradation

ES

Expansion segment

FPOP

Fast photochemical oxidation of proteins

FRET

Förster resonance energy transfer

GFP

green fluorescent protein

HD

Huntington’s disease

Hsc

Constitutively expressed heat shock protein

Hsp

Heat shock protein

IMS-MS

Ion mobility spectrometry mass spectrometry

IPOD

Insoluble protein deposit

JUNQ

Juxtanuclear quality control

MAP

Methionine aminopeptidase

MCS

Multiple cloning site

mRNA

Messenger ribonucleic acid

mRNP

Messenger ribonucleoprotein

MS

Mass spectrometry

NAC

Nascent polypeptide-associated complex

NAT

N-acetyltransferase
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NBD

Nucleotide-binding site

NC

Nascent polypeptide chain

NEF

Nucleotide exchange factor

NES

Nuclear export sequence

nESI-MS

Nano electrospray ionization mass spectrometry

NGD

no-go decay

NMD

nonsense-mediated decay

NS

non-stop

NSD

non-stop decay

ORF

Open reading frame

PCC

Protein conduction channel

PCR

Polymerase chain reaction

PD

Parkinson’s disease

PDI

Protein disulfide isomerase

PDF

Peptide deformylase

PEG

Polyethylene glycol

poly(A)

Poly-adenine

poly(Q)

Poly-glutamine

poly(U)

Poly-uracil

PPI

Peptidyl-propyl isomerase

PTC

Peptidyl transferase center; premature termination codon

PTM

Posttranslational modifications

RAC

Ribosome-associated complex

RING

Really interesting new gene

RNA

Ribonucleic acid

RNase A

Ribonuclease A

RNC

Ribosome-nascent-chain complex

RP

Ribosomal protein

RQC

Ribosome-associated quality control complex

rRNA

Ribosomal ribonucleic acid

Rz

Hammerhead ribozyme

SASA

Solvent-accessible surface area

SAXS

Small-angle X-ray scattering

SBD

Substrate-binding domain

SCD

synthetic complete medium with dextrose

SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophorese

SecM

Secretion monitor
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SH3

Scr-homology 3

sHSP

Small heat shock protein

SRP

Signal recognition particle

TEV

Tobacco etch virus

TF

Trigger factor

tRNA

Transfer ribonucleic acid

UBA

Ubiquitin-associated

uORF

Upstream open reading frame

UPS

Ubiquitin proteasome system

UTR

Untranslated region

wt

Wild type

Zuo

Zuotin
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