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Summary 

The biosynthesis of proteins is a fundamental but delicate process and especially the last steps 
including translation and de novo folding of polypeptides are strictly regulated. In eukaryotes, two 

ribosome-tethered chaperone-systems evolved that assist in early folding. One of them is a 

Hsp70/J-domain protein-based system with the ribosome-associated complex (RAC) as a core 

element. In Saccharomyces cerevisiae, RAC forms a stable heterodimer composed of the Hsp70 

Ssz1 and the J-domain protein Zuo1. Together they act as co-chaperone of Ssb, a ribosome-bound 

Hsp70 that co-translationally binds nascent polypeptides to protect them from misfolding and 

aggregation.  

Although the basic functioning of the RAC-Ssb system is characterized, many details remain 
elusive. A profound comprehension of structural dynamics and the interaction with the ribosome is 

critical to elucidate its precise mode of action. The presented work deals with (A) the RAC-ribosome 

interaction studied by EPR spectroscopy, (B) multilayered interactions that position Ssb on the 

ribosome and (C) Ssb’s dual role in co-translational folding and ribosome biogenesis. 

 

(A) The RAC-ribosome interaction studied by EPR spectroscopy  
Yeast RAC displays an unique binding mode to the ribosome: Zuo1, solely mediating the contact 

to the ribosome, spans both ribosomal subunits with its N-terminal part located near the tunnel exit 
and its C-terminal region contacting an rRNA helix, which reaches to the decoding center. By this, 

RAC connects two important functional sites of the ribosome: the tunnel exit and the decoding 

center, suggesting a RAC-mediated coordination of translation and nascent chain folding.  

The use of electron paramagnetic resonance (EPR) spectroscopy combined with site-directed spin 

labeling allowed to complement the structural picture of Zuo1’s C-terminus: Distance distributions 

obtained by the EPR technique DEER (double electron-electron resonance) revealed that the C-

terminal four-helix bundle (4HB) and a predicted long α-helix exist in full-length RAC, both in 
solution and on the ribosome. Interestingly, the conformation of Zuo1’s C-terminus remains 

unchanged upon binding to vacant and nascent chain-carrying ribosomes. The observed rigidity of 

the entire C-terminal region implies that the conformational switch for the assumed RAC-mediated 

signal transduction is located in another region of Zuo1, presumably at the hinge between the 

middle domain and the Zuo1 homology domain. Furthermore, applying continuous-wave EPR 

spectroscopy, it could be shown that lysine351 but not lysine363, in helix 1 of the 4HB, is in close 

proximity to the 40S subunit. Extensive control experiments verified that the strong effects observed 

for position K351 are due to local ribosome binding.  
Besides the biological insights, this work constitutes the first application of EPR tools on ribosome-

bound factors and therefore provides a working protocol for the successful application of this 

powerful methodology for RAC-Ssb and other ribosome-associated systems in the future.  

 

Fries, S.J.*, Braun, T.S.*, Globisch, C., Peter, C., Drescher, M., Deuerling E. To be submitted  

*equal contribution 
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(B) Multilayered interactions position Ssb on the ribosome 
Among the four different Hsp70 subfamilies in S. cerevisiae, Ssb is the only one that directly binds 

to ribosomes. The details of the Ssb-ribosome interaction were mostly unknown before addressed 

by this study. Two charged regions unique to Ssb were identified to confer ribosome binding. The 
primary contact comprises an area of 13 residues in the C-terminal α-helical lid domain of Ssb, 

which is enriched for positively charged amino acids. A second, weaker contact is mediated by a 

KRR motif within the substrate-binding domain of Ssb. An extensive phenotypic characterization 

with Ssb ribosome-binding mutants unexpectedly revealed that the ability to bind ribosomes is not 

critical for Ssb function, at least as long as RAC is present. Overall the data hint to a model in which 

Ssb’s interaction with the ribosome is multilayered, encompassing two direct binding sites in Ssb, 

a transient interaction with its co-factor RAC and an association with nascent chains.  

The contribution to this work was the visualization of the subcellular localization of wt and a 
ribosome-binding deficient Ssb variant in the scope of the phenotypic characterization.  

 

Hanebuth, M.A., Kityk, R., Fries, S.J., Jain, A., Kriel, A., Albanese, V., Frickey, T., Peter, C., Mayer, 

M.P., Frydman, J., Deuerling E. Nature communications (2016)  

 

(C)  Ssb plays a dual role in co-translational folding and ribosome biogenesis  
Besides its role as ribosome-associated chaperone assisting in co-translational folding an additional 

role of Ssb in the biogenesis of ribosomes was assumed. The study presented here provides further 
evidence for a function of Ssb in ribosome maturation. It was found that a significant fraction of Ssb 

permanently resides in the nucleus and that deletion of SSB causes substantial defects in 35S 

rRNA processing. Furthermore, Ssb interacts with many proteins involved in the assembly, 

maturation and architecture of ribosomes and is associated with 60S pre-ribosomal particles. A 

crosslink to the ribosomal protein eL31 near the ribosomal tunnel exit suggests that Ssb might be 

actively involved in the maturation of this region. An Ssb version with near-endogenous nuclear Ssb 

levels but which is almost completely absent from the cytosol was fully functional concerning 
ribosome biogenesis but displayed a strong growth defect and hampered translation. These 

findings demonstrate the functional plasticity of Ssb with cytosolic Ssb supporting proper translation 

and nuclear Ssb contributing to the biogenesis of ribosomes. 

The contribution to this work was an on fluorescence microscopy-based localization of Ssb 

versions: The vast majority of Ssb can be found in the cytosol, but a deletion of the nuclear export 

sequence resulted in an accumulation in the nucleus. Moreover, the predominantly nuclear 

localization of an Ssb mutant was verified by microscopy and by subsequent quantification of 

fluorescence signals. 

 
Hanebuth, M.A., Fries, S.J., Stengel, F., Deuerling E. To be submitted 



Zusammenfassung 
 

 1 

Zusammenfassung 

Die Proteinbiosynthese ist ein fundamentaler aber komplexer Prozess, bei dem insbesondere die 
letzten Schritte, wie die Translation und die de novo Faltung von Polypeptiden, streng reguliert sind. 
In Eukaryonten entwickelten sich zwei ribosomengebundene Chaperon-Systeme, die bei frühen 
Faltungsprozessen assistieren. Bei einem handelt es sich um ein Hsp70/J-Domänen-Protein 
basiertes System, welches den ribosomenassoziierten Komplex RAC (ribosome-associated 
complex) als Kernelement beinhaltet. In Saccharomyces cerevisiae stellt RAC ein stabiles 
Heterodimer dar, das sich aus dem Hsp70 Ssz1 und dem J-Domänen-Protein Zuo1 
zusammensetzt. Zusammen fungieren sie als Co-Chaperon von Ssb, einem ribosomen-
gebundenen Hsp70, welches cotranslational an naszierende Polypeptide bindet und diese vor 
Missfaltung und Aggregation schützt. Obwohl die grundlegende Funktionsweise des RAC-Ssb-
Systems charakterisiert ist sind viele Details noch ungeklärt. Ein umfassendes Verständnis der 
strukturellen Dynamiken von RAC-Ssb und dessen Interaktionen mit dem Ribosom sind notwendig 
um den genauen Wirkungsmechanismus verstehen zu können. Die hier vorliegende Arbeit umfasst 
(A) eine Analyse der RAC-Ribosomen-Interaktion durch EPR-Spektroskopie, (B) Multivalente 
Kontakte die Ssb am Ribosom positionieren und (C) Ssb’s Rolle bei der co-translationalen Faltung 
und der Ribosomenbiogenese.  
 
(A) Analyse der RAC-Ribosomen-Interaktion durch EPR-Spektroskopie 
Hefe-RAC weist eine einzigartige Bindung zum Ribosom auf: Zuo1, welches allein zum 
ribosomalen Kontakt beiträgt, bindet beide Ribosomenuntereinheiten. Dabei ist die N-terminale 
Region am Tunnelausgang des Ribosoms positioniert und der C-Terminus kontaktiert eine rRNA-
Helix, die bis zum Dekodierzentrum des Ribosoms reicht. Auf diese Weise verbindet RAC zwei 
wichtige funktionale Stellen eines Ribosoms: den Tunnelausgang und das Dekodierzentrum. Das 
deutet darauf hin, dass RAC den Vorgang der Translation mit der Faltung von naszierenden Ketten 
koordiniert.  
EPR-Spektroskopie kombiniert mit einer positionspezifischen Spinmarkierung ermöglichte das 
strukturelle Bild von Zuo1’s C-Terminus zu vervollständigen. Abstandsmessungen, die mit der 
EPR-Technik DEER (double electron-electron resonance) durchgeführt wurden, ergaben, dass das 
C-terminale vier-Helix-Bündel (4HB) und eine vermutete lange α-Helix sowohl in Lösung als auch 
am Ribosom Teil des gesamten Komplexes sind. Interessanterweise bleibt die Konformation von 
Zuo1’s C-Terminus bei Bindung ans Ribosom weitestgehend unverändert, unabhängig davon ob 
die Ribosomen eine nasziernde Kette tragen oder nicht. Diese strukturelle Starrheit der C-
terminalen Region impliziert, dass die Konformationsänderung für die vermutete, RAC-vermittelte 
Signalweiterleitung an einer anderen Stelle in Zuo1 stattfindet, vermutlich am Übergang von der 
Mittel- zur Zuo1-Homologie-Domäne. Des Weiteren konnte mittels CW EPR gezeigt werden, dass 
das Lysin351 aber nicht Lysin363 der Helix 1 innerhalb des 4HB sich in unmittelbarer Nähe der 40S-
Untereinheit befindet. Umfassende Kontrollexperimente zeigten, dass die starken für Position 351 
beobachteten Effekte auf eine lokale Ribosomenbindung zurückzuführen sind.  
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Fries, S.J.*, Braun, T.S.*, Globisch, C., Peter, C., Drescher, M., Deuerling E. Fertiges Manuskript. 

*gleicher Beitrag 

 
(B) Multivalente Kontakte positionieren Ssb am Ribosom 
Unter den vier verschiedenen Hsp70 Unterfamilien in S. cerevisiae, ist Ssb die Einzige die direkt 
mit Ribosomen interagiert. Details dieser Interaktion waren weitestgehend unbekannt bevor sie in 
dieser Studie erforscht wurden. Zwei Regionen die ausschließlich in Ssb vorkommen vermitteln die 
Binding zum Ribosom. Der Hauptkontakt befindet sich in der C-terminalen Lid-Domäne von Ssb 
und besteht aus 13 Aminosäuren, von denen viele eine positive Ladung tragen. Eine zweite 
Kontaktstelle befindet sich in der Substratbindedomäne von Ssb und besteht aus einem KRR-Motiv. 
Eine phänotypische Charakterisierung von Ssb-Ribosomenbindemutanten ergab, dass die 
Fähigkeit von Ssb an Ribosomen zu binden nicht essentiell für seine Funktion ist, zumindest 
solange RAC anwesend ist. Insgesamt deuten die Daten auf ein Modell hin in welchem die 
Interaktion zwischen Ssb und dem Ribosom vielschichtig ist. Sie umfasst zwei direkte Bindestellen 
in Ssb, eine transiente Interaktion mit RAC sowie die Binding der naszierenden Kette. Der Beitrag 
zu dieser Studie war die Visualisierung der zellulären Lokalisation von Ssb und einer Ssb-
Ribosomenbindemutante im Rahmen der phänotypischen Charakterisierung.  
 
Hanebuth, M.A., Kityk, R., Fries, S.J., Jain, A., Kriel, A., Albanese, V., Frickey, T., Peter, C., Mayer, 

M.P., Frydman, J., Deuerling E. Nature communications (2016)  

 
(C) Ssb spielt eine Rolle bei der co-translationalen Faltung und der Ribosomenbiogenese  
Es wird vermutet, dass Ssb neben seiner Funktion als ribosomenassoziiertes Chaperon eine 
zusätzliche Rolle bei der Ribosomenbiogenese spielt. Diese Studie bietet weitere Hinweise, dass 
Ssb am Reifungsprozess von Ribosomen beteiligt ist. Es wurde herausgefunden, dass sich ein 
signifikanter Anteil von Ssb permanent im Zellkern befindet und dass die Deletion von SSB 
gravierende Defekte in der 35S rRNA-Prozessierung zur Folge hat. Des Weiteren interagiert Ssb 
mit vielen Proteinen die an der Assemblierung, Reifung und dem Aufbau von Ribosomen beteiligt 
sind. Es konnte auch gezeigt werden, dass Ssb an 60S Prä-Ribosomen bindet. Ein Crosslink zum 
ribosomalen Protein eL31 nahe dem Tunnelausgang lässt zudem vermuten, dass Ssb aktiv an der 
Reifung dieser Region beteiligt ist. Eine Ssb-Variante, die ein in etwa endogenes Level im Nucleus 
aufweist während sie im Cystosol fast vollständig abwesend ist, ist voll funktionsfähig in Bezug auf 
die Ribosomenbiogenese. Allerdings weist diese Ssb-Variante einen starken Wachstumsdefekt 
und eine gestörte Translation auf. Diese Ergebnisse zeigen die funktionale Plastizität von Ssb: 
cytosolisches Ssb unterstützt die Translation während nukleares Ssb zur Ribosomenbiogenese 
beiträgt. Der Beitrag zu dieser Studie war eine auf Fluoreszenzmikroskopie basierenden 
Lokalisation von Ssb-Varianten: Der Großteil von Ssb befand sich im Cytosol, aber eine Deletion 
der Zellkernexportsequenz führte zu einer Akkumulation im Zellkern. Darüber hinaus wurde die 
primär nukleare Lokalisation einer Ssb-Mutante nachgewiesen und quantifiziert.  

 
Hanebuth, M.A., Fries, S.J., Stengel, F., Deuerling E. Fertiges Manuskript 
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1. Introduction 

1.1 Function and architecture of ribosomes 

Ribosomes fulfill a major step in the biosynthesis of proteins: they translate the genetic information 

encoded on messenger RNA (mRNA) into an amino acid (aa) chain. Ribosomes can be found in 

all kingdoms of life and their structural core and mechanism of action are highly conserved. 

Prokaryotes contain about 105 ribosomes per cell and synthesize polypeptide chains with a rate of 

15-20 aa per second. Some eukaryotic cell types can be equipped with up to several million 
ribosomes, but their elongation rate is significantly slower with 5-7 aa per second (Bashan and 

Yonath, 2008; Wegrzyn and Deuerling, 2005). 

The following section deals with the general features of ribosomes and the mechanism of translation 

with focus on the eukaryotic system. In general, a ribosome is built out of two parts: a small and a 

large subunit. The subunits were initially named by their sedimentation coefficient measured in 

Svedberg units (S), e.g. the eukaryotic ribosome is composed of the small 40S subunit and the 

large 60S subunit, which together form the 80S ribosome. The molecular weight of a eukaryotic 
80S ribosome ranges from 3.3 MDa in the unicellular yeast Saccharomyces cerevisiae up to 

4.3 MDa in human cells (Khatter et al., 2015; Klinge et al., 2012). Ribosomes are made by ribosomal 

RNA (rRNA) and ribosomal proteins (r-proteins). All r-proteins mentioned in this work are named 

according to the recently introduced universal nomenclature (Ban et al., 2014). Eukaryotic 

ribosomes are at least 40% larger than prokaryotic ribosomes and have additional proteins (79 vs. 

55 r-proteins) as well as five instead of three rRNA molecules. The eukaryotic 40S subunit harbors 

the 18S rRNA and 33 proteins and the 60S subunit is composed of three rRNA chains (25S, 5.8S 

and 5S) and 46 proteins (Melnikov et al., 2012). Additionally, eukaryotic ribosomes often have 
extended rRNA elements called expansion segments (ES; Jenner et al., 2012; Klinge et al., 2011; 

Rabl et al., 2011; Spahn et al., 2001). ES severely differ in sequence and size within and among 

organisms and are predominantly at the periphery of the ribosome (Gonzalez et al., 1985; Jenner 

et al., 2012; Yusupova and Yusupov, 2017). The function of ES is not yet fully understood, but some 

of them seem to play a role in ribosome biogenesis (Ramesh and Woolford, 2016). However, there 

were also evidence that some ES help to regulate translation. ES27 was recently found to function 

in translational fidelity by acting as a binding scaffold for the enzyme MetAP (Fujii et al., 2018). The 

expansion segment ES12 coordinates the binding of the ribosome-associated complex (RAC) to 
the 40S subunit and also affects translational fidelity (Lee et al., 2016; Zhang et al., 2014).  

The conserved evolutionary core of the ribosome, mainly formed by rRNA, comprises all functional 

relevant sites of the ribosome (Melnikov et al., 2012). The small subunit harbors the mRNA entry 

and exit site and the decoding center. Whereas in the large subunit the peptidyl transferase center 

and the ribosomal tunnel can be found. In the decoding center, codons on the mRNA are specifically 

recognized by the respective amino acid-loaded tRNAs. The delivered residue is added to the 

amino acid chain via a peptide bond in the peptidyl transferase center and the growing peptide 
chain passes the large subunit through the ribosomal tunnel. In eukaryotes, the tunnel has a length 

of about 100 Å and protects a chain of 25-30 amino acids in an extended conformation (Hardesty 
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and Kramer, 2001; Nissen et al., 2000). The narrowest point (constriction site) in the tunnel has a 

diameter of about 10 Å and is formed by loops of rRNA and the r-proteins uL4 and uL22 (Nissen et 

al., 2000; Wilson and Beckmann, 2011). The nascent peptide chain emerges from the ribosomes 

at the tunnel exit where it is awaited by several ribosome-associated factors that act in co-
translational targeting (e.g., SRP), in nascent chain modifications (e.g. removal of N-terminal 

methionine residues by MAPs) or co-translational folding (e.g. RAC, NAC in eukaryotes or trigger 

factor in bacteria) (Deuerling et al., 2019; Giglione et al., 2015; Pechmann et al., 2013).  

 

1.2 Eukaryotic ribosome biogenesis  

The synthesis of ribosomes is a highly hierarchically structured and sophisticated process. For 
reviews comprising the knowledge of 25 years research as well as recently resolved structures see 

Bassler and Hurt (2018); Klinge and Woolford (2019); Woolford and Baserga (2013). 

The biogenesis of ribosomes mainly takes place in the nucleolus, a specialized subcompartment of 

the nucleus. It involves more than 200 ribosome biogenesis factors (RBFs; Bassler and Hurt, 2018; 

Woolford and Baserga, 2013), most of which are essential and conserved among eukaryotes. Pre-

ribosomal particles, composed of pre-rRNA, r-proteins and RBFs, are formed in the nucleolus, 

traverse the nucleoplasm and are finally exported into the cytoplasm (Figure 1; Tschochner and 

Hurt, 2003).  
The initial step comprises the synthesis of ribosomal proteins (r-proteins) and ribosomal RNA 

(rRNA). The aggregation-prone r-proteins are translated in the cytosol and subsequently imported 

into the nucleus by importins (Bange et al., 2013). During import these are protected by the 

importins or by more dedicated chaperones (Jakel et al., 2002; Koch et al., 2012; Pausch et al., 

2015). The 6.6 kb large 35S pre-rRNA is transcribed by the RNA polymerase I and the small 5S 

pre-RNA by the RNA polymerase III in the nucleolus. The 35S pre-RNA contains the sequence for 

the mature 28S, 5.8S and the 18S rRNA as well as internal (ITS1 & ITS2) and external (3’ ETS & 
5’ ETS) spacer sequences, which are cleaved off in endo- and exonucleolytic processes.  

The base modifications of pre-RNA also take place in the nucleolus. For example, small nucleolar 

ribonucleoproteins (snoRNPs), composed of snoRNA and proteins catalyze the 2’O-

ribosemethylation and pseudouridylation of the pre-RNA (Sharma and Lafontaine, 2015; Tollervey 

and Kiss, 1997). Pre-rRNAs, most of the r-proteins and many RBFs assemble to 90S pre-ribosomal 

particles. The composition and structure of the 90S pre-ribosomal particle was described recently 

by the Beckmann and Hurt group (Kornprobst et al., 2016). During the maturation pathway, a pre-

ribosomal particle separates into a pre-40S and pre-60S particle and traverse the nucleoplasm. 
There, structural proofreading takes place, mediated by the binding of export factors as, e.g. Arx1 

(Greber et al., 2012). The subsequent export into the cytosol is mediated by nuclear export 

receptors and additional factors (Nerurkar et al., 2015). In the cytosol, the final maturation steps 

take place including the last pre-rRNA processing steps, the introduction of late r-proteins and the 

release of still-bound RBFs (Garcia-Gomez et al., 2014; Karbstein, 2013; Lebaron et al., 2012).  
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Interestingly, also the components of the RAC-Ssb chaperone system play a role in the ribosome 

maturation (Albanese et al., 2010; Koplin et al., 2010; Mudholkar et al., 2017) but their exact function 

in the assembly pathway is not yet understood.  

 

 
 
Figure 1: Overview of eukaryotic ribosome biogenesis. The biosynthesis involves all three RNA polymerases (pol I-III): Pol I 

(orange) transcribes the pre-35S rRNA and pol III the 5S rRNA. The pre-35S rRNA is co- and post-transcriptionally folded, 

processed and modified. Pol II transcribes the mRNA encoding for the ribosomal proteins (r-proteins). The translation of the 

r-proteins takes place in the cytosol and they are subsequently imported into the nucleus. In the nucleoplasm, the r-proteins, 

r-RNA and assembly factors (red) form together with the pre-ribosomal particles. The pre-60S and pre-40S particles pass 

the nucleoplasm before they are exported into the cytoplasm. In the cytoplasm, where final maturation steps take place 

including incorporation of the last r-proteins. Drawing taken with permission from Bassler and Hurt (2018). 

 

1.3 Proteostasis 

Proteins are fundamental biomolecules involved in almost every cellular process. There are ~6000 

different types of proteins in yeast cells (Picotti et al., 2013), all with a defined structure and 

biological function. Thus, it is crucial for each cell to keep the proteome in balance. Protein 

homeostasis, also referred to as proteostasis, is achieved by a network of cellular processes that 
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tightly control protein synthesis, trafficking through membranes, clearance of aggregated proteins 

and the adaptation to stressful situations. During aging the capacity of the proteostasis network 

declines (Hipp et al., 2019; Morimoto, 2008), resulting in an accumulation of misfolded proteins, 

which are also a hallmark of many neurodegenerative disorders as, e.g., Alzheimer’s, Parkinson’s 
or Huntington’s disease (Powers et al., 2009).  

Most proteins must adopt a three-dimensional structure to be functionally active. Exceptions are 

intrinsically disordered proteins that form structures only upon interaction with a binding partner 

(Tompa et al., 2015). Proteins are synthesized as a single chain of amino acids lacking a higher 

order secondary structure. Pioneer in vitro experiments of Anfinsen and co-workers showed that 

unfolded RNase can adopt its mature structure without external energy (Anfinsen, 1973; Anfinsen 

et al., 1961). The mature state is a thermodynamically favorable conformation with hydrophobic 

sequences buried within the core of the protein (Kellis et al., 1988). However, hydrophobicity is also 
the driving force for aggregation, especially in the crowded cellular environment where proteins can 

easily be trapped in non-native folding intermediates (Bolognesi et al., 2010; Ellis and Minton, 

2006). Thus, a network of molecular chaperones evolved that promote de novo folding, refolding of 

misfolded proteins, prevent aggregation or act in disaggregation (Figure 2; Hartl et al., 2011). 

 

 
 
Figure 2. Molecular chaperones play a central role in protein homeostasis. Chaperones assist in de novo protein folding, 

can refold misfolded proteins and protect them from off-pathway aggregation. Some chaperones are also involved in the 

cellular aggregation clearance. Schematic drawing taken with permission from Balchin et al. (2016). 
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1.4 Molecular chaperones  

The widely accepted definition of a molecular chaperone is: “(…) any protein that interacts with, 

stabilize or helps another protein to acquire its functionally active conformation, without being 

present in its final structure” (Balchin et al., 2016). Several classes of chaperones build cooperative 

networks and folding pathways and many of these chaperone systems belong to the group of heat 

shock proteins (Hsp), as their expression can be induced or increased in reaction to stress 

situations as, e.g., heat stress (Ellis et al., 1989). Heat shock proteins are further classified 

according to their molecular weight: Hsp40, Hsp70, Hsp60, Hsp90, Hsp100 or small Hsp (sHsp; 

Morimoto, 2008). However, many chaperones are also present under regular conditions as they 
are, e.g., needed in the de novo folding pathway. Some chaperone systems do not fit in the heat 

shock protein family as, e.g., the ribosome-associated Trigger Factor (TF) or the nascent 

polypeptide-associated complex (NAC). 

Chaperones are additionally divided in “holdases” and “foldases”, regarding their client binding 

mode. Holdases transiently interact with their clients and can prevent them from aggregation (e.g., 

sHsp) or deliver them to other chaperones (e.g., J-domain proteins with client binding domain) (Kim 

et al., 2013). Whereas foldases actively support the folding of their clients, often in a nucleotide- 
and cofactor-dependent manner. Examples for foldases are Hsp70, Hsp90 or chaperonins (Hsp60), 

whereby Hsp70 and Hsp90 bind small hydrophobic sequences of their clients, whereas 

chaperonins (Hsp60s) can encapsulate entire proteins.  

 

1.5 The Hsp70/JDP chaperone system  

1.5.1 Hsp70 chaperones 

The ubiquitous Hsp70 chaperones are present in almost all cell types and organelles and play a 

central role in the proteostasis network. In cooperation with other chaperone systems, they act in 

many protein folding processes, such de novo folding and refolding of denatured proteins. 
Furthermore, they assist in protein transport across membranes and the solubilization of protein 

aggregates (Craig, 2018; Fernandez-Fernandez and Valpuesta, 2018; Mayer and Bukau, 2005).  

Hsp70s share a common domain architecture: they possess an N-terminal 45 kDa nucleotide 

binding domain (NBD) and a C-terminal 25 kDa substrate-binding domain (SBD), which are 

connected by a highly conserved linker (Figure 3 B; Bukau et al., 2006). The NBD or ATPase 

domain consists of two large subunits (lobe I & II, Figure 3 C) and is further divided into two 

subdomains (A & B). A deep cleft between the two lobes coordinates nucleotide binding (Flaherty 
et al., 1990). The SBD is composed of a β-sandwich domain (SBDβ) and an α-helical lid domain 

(SBDα; Figure 3B; Bertelsen et al., 1999; Zhu et al., 1996). The SBDβ harbors a hydrophobic 

binding cleft providing space for up to five amino acids, which are often enriched in hydrophobic 

residues (Flaherty et al., 1990; Rudiger et al., 1997). The SBDα acts as a latch, locking the substrate 

within the binding cleft (Zhu et al., 1996). 



Introduction 

 8 

Substrate binding occurs in a nucleotide-dependent fashion with two distinct conformations: the 

ATP- and ADP-bound conformation. In the ATP-bound state, the substrate-binding cleft is easily 

accessible (high association and dissociation rates), but the affinity for substrates is low (Figure 3 

A, B). ATP hydrolysis in the NBD entails large conformational rearrangements: the two prior 
embraced domains (NBD & SBD) drift apart from each other into an elongated conformation and 

the lid domain (SBDα) stretches over the substrate-binding cleft (Figure 3 B). Thus, the substrate 

is captured and substrate association and dissociation rates are low (Mayer et al., 2001). Upon 

ADP removal, Hsp70 reverts to its initial globular conformation, the lid opens and the substrate is 

released. ATP binding restarts the binding-release cycle.  

However, the basal ATP hydrolysis rate is too low to drive the substrate binding-release cycle 

(Mayer and Bukau, 2005). The allosteric regulation is mediated by co-chaperones: J-domain 

proteins (JDP; see section 1.5.2) stimulate ATP hydrolysis and nucleotide exchange factors (NEF) 
facilitate ADP release (section 1.5.3; Bracher and Verghese, 2015; Laufen et al., 1999).  

 

 
 
Figure 3. Structure and functionality of Hsp70. (A) In the ATP-bound the substrate-binding domain (SBD, red) of Hsp70 is 

open and easily accessible. The interaction with a J-domain protein (JDP) results in ATP hydrolysis and a closed 

conformation. Release of ADP leads to an open SBD conformation. The cycle restarts upon ATP binding. (B) Structure of 

Hsp70 in the ADP- (PDB 4B9Q) and ATP-bound state (PDB 2KHO). (C) Interaction of the Hsp70 DnaK with its JDP DnaJ. 

DnaK predominantly contacts the HPD motif of DnaJ. Picture taken with permission from Kityk et al. (2018). 
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1.5.2 J-domain proteins  

J-domain proteins (JDP), formerly called Hsp40, act as co-chaperones of Hsp70s. The members 

of the JDP family strongly differ in size, structure, expression level and mode of action. As their only 

common feature is the J-domain, the scientific community recently agreed to refer to them as “J-

domain proteins” (JDP) (Kampinga et al., 2019).  

The J-domain is a highly conserved ~70 aa large region composed of four a-helices (helix I – IV) 

(Hill et al., 1995; Qian et al., 1996). By definition (Kampinga et al., 2019) a JDP can functionally 

interact with Hsp70 via a conserved His-Pro-Asp (HPD) motif in the J-domain. The HDP motif is 

located in the flexible loop between the two central helixes II and III and essential for function (Qian 

et al., 1996; Szyperski et al., 1994; Tsai and Douglas, 1996; Wall et al., 1994). Additionally, exposed 

positively charged residues in the J-domain contribute to the interaction with its Hsp70 partner 

(Greene et al., 1998; Jiang et al., 2007). The details of this interaction were recently elaborated in 

molecular dynamic simulations (Malinverni et al., 2017) and the X-ray structure of the bacterial 
DnaK-DnaJ complex (Kityk et al., 2018). The DnaK-DnaJ interface is characterized by 

polar/electrostatic and hydrophobic interactions and helix II+III of the J-domain interact with the 

NBD, the interdomain linker and SBDβ of DnaK (Figure 3 C).  

Besides the J-domain, JDP can harbor a variety of additional domains and motifs e.g., for client 

binding or a specific subcellular localization (Craig and Marszalek, 2017; Mayer and Bukau, 2005). 

A historical classification of JDP is based on their domain composition and divides them into three 

(I/II/III) groups (Cheetham and Caplan, 1998; Fan et al., 2003). Class I JDP exhibit all four domains 
that are also found in the Escherichia coli DnaJ protein: An N-terminal J-domain linked to a Gly/Phe-

rich region, followed by a zinc finger motif and a client binding domain. Class II J-proteins share a 

high similarity with the Class I types and possess at least the N-terminal J-domain and the Gly/Phe-

rich region. For class III the only prerequisite is the J-domain itself. The JDP Zou1 is a Class III JDP 

as it lacks a Gly/Phe-rich region, a zinc finger and a client binding domain. Most JDPs belong to 

Class III and are highly diverse in function. Because of this it is discussed whether the classification 

may be outdated (Kampinga et al., 2019). In general, there are more types of JDPs than Hp70s in 

a cell i.e. there are 22 different JDPs versus 14 Hsp70 in yeast and 41 JDPs versus 11 Hsp70 in 
humans, indicating that multifunctionality of some Hsp70s is mediated by different JDP partner (Qiu 

et al., 2006; Walsh et al., 2004).  

 

1.5.3 Nucleotide exchange factors  

Nucleotide exchange factors (NEF) are the second type of Hsp70 co-factors. They promote the 

release of ADP from the Hsp70 NBD and consequently subsequent substrate release. In total there 

are four structurally unrelated NEF classes: GrpE, HspBP1, Hsp110 and BAG-domain proteins. 

GrpE-like NEFs only exist in bacteria and organelles of prokaryotic origin, like mitochondria or 

chloroplasts. The other three classes (Bag, HspBP1 and Hsp110) can be found in the eukaryotic 

cytosol, the endoplasmic reticulum (ER) and the nucleus (Bag1 and HspBP1) (Bracher and 
Verghese, 2015). All NEF types interact with the ATPase domain of Hsp70s and induce 
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conformational changes that lead to ADP release, but the underlying mechanisms differ (for reviews 

see Bracher and Verghese, 2015; Rampelt et al., 2018). The yeast ribosome-associated Hsp70 

Ssb works in concert with the NEFs Sse (Hsp110 family), Fes1 (HspBP1 family) and Snl1 (BAG-

domain family) (Dragovic et al., 2006; Shaner et al., 2005; Sondermann et al., 2002; Yam et al., 
2005). 

 

1.6 Ribosome-associated chaperones  

Ribosome-associated chaperones await the newly translated polypeptides at the tunnel exit to 

protect them from misfolding in the crowded cellular environment. These chaperone systems 

include the bacterial trigger factor (TF), the eukaryotic nascent polypeptide-associated complex 
(NAC) and an Hsp70/JDP system with RAC as co-chaperone (Figure 4; Deuerling et al., 2019; 

Gamerdinger et al., 2016; Preissler and Deuerling, 2012). All bind to the ribosome near the tunnel 

exit and interact with short nascent chains (Hesterkamp et al., 1997; Pfund et al., 1998; Valent et 

al., 1997; Valent et al., 1995; Wang et al., 1995; Wiedmann et al., 1994). Despite these similarities, 

the systems strongly differ in structure and functionality, e.g., TF and NAC act independent from 

external energy and co-factors, whereas the RAC-based systems require both.  

 

 
 
Figure 4. Ribosome-associated chaperone systems. The only ribosome-bound chaperone in prokaryotes is the trigger 

factor. In eukaryotes exist the ribosome-associated complex (RAC) and the nascent polypeptide-associated complex (NAC). 

Yeast RAC consists of the JDP Zuo1 and the Hsp70 Ssz1, together they function as co-chaperone for Ssb, a specialized 

ribosome-bound Hsp70. In mammals, the homologous RAC proteins are MPP11 and Hsp70L1. In contrast to the yeast 

system the second Hsp70 has no contact to the ribosome. Picture taken with permission from Deuerling et al. (2019). 

 
The interactome of most of the ribosome-associated chaperones was unraveled by a technique 

called selective ribosome profiling (Becker et al., 2013). The principle of the method is to read out 

mRNA footprints protected by ribosomes and thereby gain information about the translated proteins 

(Ingolia et al., 2018). In selective ribosome profiling, the total translatome is compared to the 
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translatome derived from ribosomes specifically pulled out by a bound factor, as, e.g. trigger factor 

(Becker et al., 2013; Oh et al., 2011).  

 

1.6.1 Trigger factor 

In bacteria, the only known ribosome-associated chaperone is trigger factor (TF). The abundant 

protein has no sequence or structural similarity to other chaperone systems and binds via its N-

terminal domain in a 1:1 stoichiometry to ribosomes (Hesterkamp et al., 1997; Kramer et al., 2002; 
Nissen et al., 2000). The dragon-like shaped molecule hunches over the exit tunnel to receive the 

polypeptide with its large hydrophobic inner surface that provides enough space for an entire protein 

domain (Figure 4; Ferbitz et al., 2004). TF has a broad substrate spectrum and interacts with 

peptides displaying binding motifs composed of basic and aromatic amino acids (Patzelt et al., 

2001). Proteins targeted to the cytosolic membrane by SRP do not interact with TF (Oh et al., 2011). 

Synergistic defects caused by the deletion of genes encoding for TF (Δtig) and the Hsp70 DnaK 

(ΔdnaK), indicate that they act together in a chaperone network (Deuerling et al., 1999; Teter et al., 

1999). Since TF does not depend on ATP or another co-factor, it is categorized as holdase that 
shifts its clients to downstream folding chaperones (Agashe et al., 2004). 

 

1.6.2 NAC 

The eukaryotic nascent polypeptide-associated complex (NAC) is highly conserved and essential 
in higher eukaryotes. A knockdown of the NAC genes is embryonically lethal in mice (Deng and 

Behringer, 1995), Drosophila (Markesich et al., 2000) and C. elegans (Bloss et al., 2003). However, 

in S. cerevisiae, NAC is not essential (George et al., 1998; Reimann et al., 1999). NAC is a 

heterodimer composed of αNAC and βNAC (Wiedmann et al., 1994), which interact with each other 

via their NAC domains (Liu et al., 2010; Wang et al., 2010). Ribosome-binding near the tunnel exit 

is mediated by a conserved motif in the N-terminal part of the ß-subunit and both subunits can 

interact with nascent chains (Wang et al., 1995; Wegrzyn et al., 2006; Wiedmann et al., 1994). NAC 

apparently also functions off the ribosome. In this context, our group recently demonstrated that 
NAC suppresses the aggregation of poly Q aggregates (Shen et al., 2019). In yeast it could be 

shown that NAC’s ability to prevent aggregation is even stronger in the absence of its UBA domain 

(located in αNAC), pointing to a negative regulatory role of the domain for NAC’s chaperone activity 

(Ott et al., 2015). Furthermore, NAC also seems to play a role in proper protein targeting to other 

compartments as the ER or mitochondria (Beatrix et al., 2000; George et al., 1998; Lauring et al., 

1995; Wiedmann and Prehn, 1999; Wiedmann et al., 1994). Our group could recently show that 

NAC prevents mistargeting of non-ER proteins to the ER (Gamerdinger et al., 2015).  
 

1.6.3 The ribosome-associated Hsp70/JDP system  

The ribosome-associated Hsp70/JDP system consists of two Hsp70s and one JDP, with one 
Hsp70/JDP pair forming a stable complex called RAC (ribosome-associated complex). RAC acts 
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as co-chaperone for a Hsp70 directly interacting with nascent chains. In yeast, this Hsp70 is Ssb 

(section 1.7.1), a specialized ribosome-bound Hsp70 (Nelson et al., 1992). In higher eukaryotes, 

e.g. humans, a cytosolic Hsp70 is recruited to the nascent chain (Jaiswal et al., 2011). The human 

orthologs of the yeast RAC components Ssz1 (Hsp70) and Zuo1 (JDP) are Hsp70L1 and 
ZRF1/MPP11 (Hundley et al., 2005; Otto et al., 2005). Interestingly, Ssz1-homologs are missing in 

all nematodes and most arthropods (Sachs et al., unpublished). Our group found that in C. elegans 

the cytosolic HSP-1 (Hsc70) takes up Ssz1’s place in the RAC complex. Moreover, the C. elegans 

RAC (ceRAC) acts as co-chaperone for another HSP-1 molecule that interacts with nascent chains 

(Sachs et al., unpublished). Since the present work deals with the RAC-Ssb in S. cerevisiae this 

system will be explained in more detail in the following section. 

 

1.7 The RAC-Ssb system in yeast  

The Hsp70/JDP system on the ribosome is best studied in the model organism S. cerevisiae. As 

mentioned above the systems consists of the ribosome-tethered Hsp70 chaperone Ssb and its co-

factor RAC, which is composed of Ssz1 and Zuo1. Historically, Ssb and Zuo1 were found 

independently to migrate with translating ribosomes (Nelson et al., 1992; Yan et al., 1998) and an 

interaction between Ssb and short nascent chains (as little as 12 aa outside the tunnel) was 

demonstrated by crosslinking experiments (Gautschi et al., 2002; Hundley et al., 2002; Pfund et al., 
1998). The robust interaction between Zuo1 and the Hsp70 Ssz1, together RAC, was first shown 

by co-immunoprecipitation experiments (Gautschi et al., 2001; Michimoto et al., 2000). A deletion 

of the RAC-Ssb genes (SSZ1, ZUO1 or SSB) resulted in a similar pleiotropic phenotype: Mutants 

grow slowly and display an enhanced sensitivity towards high salt concentrations and 

aminoglycosides (Gautschi et al., 2001; Kim and Craig, 2005; Michimoto et al., 2000; Nelson et al., 

1992; Yan et al., 1998; Zhang et al., 1992). In vitro single-turnover ATPase assays proved that RAC 

stimulates the ATPase activity of Ssb1 (but not Ssa1) and that Ssb1 cannot be stimulated by other 
JDP (Huang et al., 2005). Detailed information about Ssb, Ssz1 and Zuo1 are given in the following 

sections.  

 

1.7.1 Ssb 

The stress seventy subfamily B (Ssb) is a specialized set of Hsp70s only found in fungi (Nelson et 

al., 1992). In S. cerevisiae the two paralogs Ssb1 and Ssb2 exists (hereafter referred to as Ssb), 

which only differ in four amino acids (Boorstein et al., 1994; Craig and Jacobsen, 1985). They mainly 

overlap in function and substrate specificity with only a few exceptions (Döring et al., 2017; Hatin 

et al., 2007). Deletion of both SSB genes, as mentioned earlier, results in slow growth as well as 

enhanced sensitivity towards high salt concentrations and aminoglycosides (Craig and Jacobsen, 

1985; Kim and Craig, 2005; Nelson et al., 1992; Rakwalska and Rospert, 2004). Although Ssb 

belongs to the heat shock protein family, its expression is not stress-induced and is instead co-
regulated with ribosomal proteins (Lopez et al., 1999). Ssb is equally abundant as ribosomes, binds 
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translating and vacant ribosomes in a 1:1 stoichiometry but only half of the cytosolic Ssb pool is 

ribosome-bound (Nelson et al., 1992; Peisker et al., 2010; Raue et al., 2007). There is recent 

evidence that the off-ribosomal pool of Ssb is involved in the glucose repression pathway (Hübscher 

et al., 2016; Hübscher et al., 2017; von Plehwe et al., 2009). 
In its role as ribosome-associated chaperone, Ssb interacts directly with newly synthesized 

polypeptides emerging from the ribosome. This ATP-consuming substrate and release cycle is 

regulated by its co-chaperone RAC and the NEFs Sse, Fes1 and Snl1 (Dragovic et al., 2006; 

Shaner et al., 2005; Sondermann et al., 2002; Yam et al., 2005). Besides stimulating Ssb’s ATPase, 

RAC also coordinates Ssb’s positioning on the ribosomes and affects its client specificity (Döring 

et al., 2017; Gumiero et al., 2016; Hanebuth et al., 2016; Willmund et al., 2013). The exact Ssb 

clients were unknown for a long time. A study of Willmund and co-workers (2013) revealed that Ssb 

has a broad substrate spectrum as it interacts with most cytosolic and nuclear peptides, which is in 
line with a recent ribosome profiling study (Döring et al., 2017). Unexpectedly, Ssb also interacts 

with 80% of mitochondrial and 40% of the ER-targeted proteins (Döring et al., 2017). 

The structure of Ssb from the ascomycota Chaetomium thermophilum was recently resolved at 2.6 

Å resolution (Gumiero et al., 2016). It reflects the highly conserved Hsp70 domain organization: 

Ssb consists of an N-terminal NBD and C-terminal SBD separated by an interdomain linker (Figure 

5 C). The α-helical lid domain of the SBD mediates the main contact to the ribosome, which was 

independently discovered by the Sinning group (Gumiero et al., 2016) and our group (Hanebuth et 

al., 2016). The study of Hanebuth et al. is part of this work and described in section 3.2 (part B). 
Ssb is in contact with uL29 (Rpl35), eL39 (Rpl39), eL19 (Rpl19), ES24 and ES41 near the tunnel 

exit as well as with the more distant ES39 (Gumiero et al., 2016).  

Besides Ssb’s roles in co-translational folding and glucose sensing (Hübscher et al., 2017), there 

is accumulating evidence for an additional role in ribosome biogenesis. Cells lacking Ssb (or Zuo1) 

display a strong aggregation predominantly of r-proteins and RBFs and have decreased levels of 

ribosomal particles (Koplin et al., 2010; Willmund et al., 2013). A nuclear export sequence (NES) in 

the C-terminus of Ssb indicates that it shuttles between cytosol and nucleus (Pfund et al., 2001; 
Shulga et al., 1999). Together, these observations pointed to a role of Ssb in ribosome biogenesis, 

but the underlying mechanism remained largely enigmatic. A study from 2017 (Mudholkar et al.) 

claimed that Ssb regulates ribosome biogenesis via the TORC1-Sch9 signaling pathway. When 

glucose is available as energy source, ribosome biogenesis is positively controlled by the target of 

rapamycin complex 1 (TORC1). In this context, Mudholkar et al. showed that Ssb is required for the 

TORC1-dependent phosphorylation of Sch9, a kinase with substrates implicated in ribosome 

biogenesis.  

 

1.7.2 Ssz1 

The Hsp70 protein Ssz1 is part of the yeast ribosome-associated complex (RAC) and crucial for its 

function (Huang et al., 2005). The sequence of the 58 kDa large protein comprises the main 

characteristics of an Hsp70: An N-terminal nucleotide binding domain (NBD) and C-terminal 
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substrate-binding domain (SBD) are connected by a linker (Figure 5 B). However, compared to 

other Hsp70, e.g., the bacterial DnaK, considerable differences exist. First, Ssz1 lacks the SBDα, 

which in canonical Hsp70 functions in the ADP-bound state as a lid to encapsulate the protein 

substrate (Weyer et al., 2017). This, in turn, fits the second abnormality: Ssz1 can bind ATP but not 
hydrolyze it and even ATP binding is not essential for its function (Conz et al., 2007; Huang et al., 

2005). Thus, a typical Hsp70 function, including ATP-dependent substrate binding, is unlikely for 

Ssz1.  

Yet, Ssz1 plays a role in RAC stability, or more precisely Ssz1 and Zuo1 stabilize each other. In 

the absence of Ssz1 the steady-state level of Zuo1 is reduced (Gautschi et al., 2002) and 

conversely, it is not possible to purify Ssz1 when Zuo1 is missing (Fiaux et al., 2010). The molecular 

details of this close interaction were recently disclosed by an X-ray structure of full-length, ATP-

bound Ssz1 complexed with an N-terminal fragment of Zuo1 (Weyer et al., 2017). Zuo1’s N-
terminus interacts with all domains regions of Ssz1: the NBD, linker and the SBDβ (Figure 5 D). 

Notably, the SBDβ has only seven instead of eight β-strands in contrast to canonical Hsp70s. The 

missing β-strand is complemented by Zuo1’s N-terminus, resembling the structure of the DnaK’s 

SBDβ in the ADP-bound state. Thus, Ssz1 is fixed in a conformation that depicts a hybrid of an 

Hsp70 ATP- and ADP-bound state. Based on these features Weyer et al. suggest that Ssz1 might 

act as a holdase that hands over substrates to Ssb. However, so far there is no experimental proof 

for this hypothesis. In previous crosslinking experiments no interaction between RAC and nascent 

chains could be seen (Gautschi et al., 2002). 

 

 
 
Figure 5. Domain organization of RAC-Ssb and interaction between Zuo1 and Ssz1. (A) Domains of Zuo1. The N-terminal 

domain (ND) mediates the complex formation with Ssz1, the J-domain (JD) stimulates ATP hydrolysis in Ssb, the Zuo1 

homology domain (ZHD) contacts the 60S subunit and the C-terminal four-helix bundle (4HB) binds to the small 40S subunit. 

ZHD and 4HB are connected by the middle domain (MD). (B) The Hsp70 Ssz1 has a nucleotide binding domain (NBD) and 

substrate-binding domain (SBD) but lacks a lid domain (SBDα). (C) The yeast Hsp70 Ssb possesses an N-terminal NBD, 

an interdomain linker and an SBD composed of SBDβ and SBDα. (D) Structure of the interaction between full-length Ssz1 

(complexed with ATP) and the N-terminus of Zuo1. Picture taken with permission from Zhang et al. (2017). 
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1.7.3 Zuo1 

The JDP Zuo1 is a 49 kDa protein of the class III JDP-family. Together with Ssz1, it acts as RAC in 

co-translational folding on the ribosome. Thereby, the N-terminally located J-domain (aa 111-166) 

is stimulating the ATPase activity of Ssb (Figure 5 A; Huang et al., 2005). Via its N-terminus, 

referred to as the N-terminal domain (ND), Zuo1 tightly interacts with Ssz1 (Figure 5 D; Fiaux et al., 

2010; Weyer et al., 2017). The Zuo1 homology domain (ZHD) is a conserved region found in all 

Zuo1 homologs, e.g., the yeast protein Jjj1, and is essential for binding to the 60S subunit (Albanese 
et al., 2010; Kaschner et al., 2015; Lee et al., 2016). Next to the ZHD is the middle domain (MD), 

which connects the ZHD with the C-terminal four-helix bundle (4HB). The structure of the 4HB was 

solved by X-ray crystallography (PDB 4GMQ; Leidig et al., 2013) as well as NMR spectroscopy 

(PDB 2WLX; Ducett et al., 2013). The 4HB has a distinct function in the regulation of pleiotropic 

drug resistance (Ducett et al., 2013; Eisenman and Craig, 2004; Prunuske et al., 2012). The last 13 

amino acids of Zuo1 are required to activate the transcription factor Pdr1 (pleiotropic drug 

resistance 1; Ducett et al., 2013). Moreover, Zuo1’s complex partner Ssz1 was also found to be 

sufficient to activate Pdr1 (Eisenman and Craig, 2004; Prunuske et al., 2012). In addition, Zuo1 
functions in the nucleus in ribosome biogenesis: Like Jjj1, it associated with pre-60S particles and 

plays a role in the 35S and 27S pre-rRNA processing (Albanese et al., 2010; Kaschner et al., 2015). 

 

1.7.4 The RAC-ribosome interaction 

Zuo1 mediates RAC's contact to the ribosome. It binds close to the tunnel exit, which is consistent 

with RAC’s function in co-translational folding (Peisker et al., 2008; Yan et al., 1998). A cryo-EM 

structure of RAC bound to a 80S ribosome revealed the overall architecture of the unique interaction 

of Zuo1 with ribosomes: Zuo1 spans approximately 190 Å across the ribosome, with its N-terminal 

part binding near the tunnel exit at the 60S subunit and its C-terminus binding the 40S subunit 

(Figure 6). Due to the low resolution of the cryo-EM structure, it was not possible to assign the RAC 

domains to the density map. Only the MD and the 4HB of Zuo1 could be fitted with high confidence 

into the density. The sequence of the MD is predicted to form a long a-helix, which was modeled 

and placed in the elongated density bridging the ribosome and the known structure of the 4HB 

(Ducett et al., 2013) was fitted into the density at the 40S-subunit (Zhang et al., 2014).  

It was recently reported that the centrally located ZHD mediates the main contact to the ribosome 

(Lee et al., 2016). They resolved the structure of the ZHD (PDB 5JDE) and were able to position it 

on 60S ribosomal subunit employing in vivo crosslinking and mutational analysis. The ZHD interacts 
with the r-protein eL31 near the tunnel exit (Figure 6), which is in perfect agreement with a previous 

crosslinking experiment (Peisker et al., 2008) as well as two cryo-EM studies (Lee et al., 2016; 

Leidig et al., 2013). Additionally, Helix 24 (H24) of the 25S rRNA is in contact with two conserved 

arginine residues (Arg247 and Arg251) in Zuo1 that are important for ribosome binding and function 

of Zuo1 and Jjj1 (Kaschner et al., 2015). The authors speculated that this contact might have 

mechanistic implications as H24 is in contact with uL22, which together with uL4 forms the 

narrowest section within the ribosomal tunnel. Although Lee et al. (2016) did not provide 
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experimental proof for a direct contact between uL22 and the ZHD, uL22 was identified to interact 

with Zuo1 in two cryo-EM studies (Lee et al., 2016; Leidig et al., 2013; Zhang et al., 2014). This 

suggests that there might be a contact with another part in Zuo1, e.g. the J-domain.  

For the 40S subunit, a charged region (aa 284 to 364; Yan et al., 1998) in Zuo1’s C-terminus 
interacts with the tip of the expansion segment ES12 of h44 of the 18S rRNA (Figure 6; Lee et al., 

2016, Zhang et al., 2014). The rRNA helix reaches from the periphery of the ribosome deep into 

the core of the decoding center. The contact to ES12 was first identified in the cryo-EM study of 

Zhang et al. (2014) and subsequently experimentally verified via mutational analyses by Lee et al. 

(2016). It was shown that RAC’s ribosome-binding ability is significantly reduced in vivo when 10 

terminal bases in ES12 are deleted. The positively charged region in Zuo1 interacting with ES12 

comprises the C-terminal part of the MD and the first helix of the 4HB (from aa 284 to 364; Yan et 

al., 1998; Zhang et al., 2014) and is enriched in lysines and arginine residues. Alanine site scanning 
confirmed that the additive effects of the charged aa mediate the contact to the negatively charged 

rRNA. For example, the replacement of three lysines at positions 348, 352 and 353 by alanines 

resulted in reduced ribosome binding in vivo (Lee et al., 2016).  

 

 
 
Figure 6. Zuo1’s interaction with the ribosome. The Zuo1 homology domain (ZHD) binds to the rRNA helix H24 and the r-

protein eL31 within the 60S subunit. H24 is associated with uL22, forming the narrowest site in the ribosomal tunnel. The 

C-terminal part of Zuo1 touches h44, reaching to the decoding center. Picture taken with permission from Craig and 

Marszalek (2017). 

 

Taken together, RAC’s binding mode suggests a functional interplay between the translating 

ribosome and RAC. RAC’s positioning near the tunnel exit, indirect or direct interaction with uL22 

and the contact to ES12 strongly imply that RAC may sense inconsistencies during decoding or co-

translational folding. In this context, it could be shown that a disruption of the Zuo1-40S contact 
affects translational fidelity (Lee et al., 2016). Cells lacking this contact displayed increased stop 

codon readthrough and decreased -1 frameshifting (Lee et al., 2016). This is in line with former 

studies showing that translational fidelity is generally impaired in the absence of RAC (Jaiswal et 

al., 2011; Rakwalska and Rospert, 2004). 
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1.8 Determination of protein structures and conformational dynamics 

Structural biology aims to resolve high-resolution structures and to unravel the functional relevant 

dynamics, ideally under near-native conditions. Despite recent advances, all available tools come 

with limitations, hence often complementary methods are required to resolve the complete picture. 

Most so far known protein structures were determined by X-ray crystallography, which provides a 

near-atomic resolution with almost no limitations regarding sample size but cannot provide 

information about dynamics. Another obvious bottleneck of the method is the protein crystallization, 

which is often a time-consuming trial and error process and, is in most cases, inapplicable for 

flexible or disordered proteins.  
An alternative diffraction method is cryogenic electron microscopy (cryo-EM), which does not 

depend on crystals since the samples are frozen directly on the grid. Cryo-EM uncovers the overall 

structural shape and is especially suited for large protein assemblies or complexes. A disadvantage 

of this method is its lower resolution (~10 – 30 Å) compared to X-ray crystallography (Egli, 2016). 

Nuclear magnetic resonance (NMR) spectroscopy, in contrast, can provide high-resolution 

structures as well as information about dynamics and can be performed under physiological 

conditions in solution. However, disadvantages of NMR are that it is only applicable for small only 
proteins or protein domains with a size of up to ~ 50 kDa and that it requires relatively high protein 

concentrations (Egli, 2016).  

In the last decade another spectroscopic method, EPR spectroscopy, has been increasingly used 

to address specific questions regarding protein structure, dynamics and interactions: EPR 

combined with site-directed spin labeling (SDSL) yields information about spin label mobility, 

solvent accessibility, polarity of the microenvironment, conformational dynamics as well as distance 

constraints (Drescher and Jeschke, 2012; Klare, 2013; Roser et al., 2016). Another notable strength 

of the method lies in its high sensitivity compared to NMR spectroscopy. The SDSL-approach 
enables background-free measurements and the in EPR detected electron magnetic moment is 

stronger than the in NMR detected nuclear magnetic moment. Furthermore, EPR spectroscopy is 

not limited by the size, flexibility or complexity of the environment. Especially, membrane proteins 

and intrinsically disordered proteins are ideal candidates for EPR spectroscopy, as they cannot 

easily be accessed by other methods (Bordignon and Steinhoff, 2007; Drescher, 2012; Drescher et 

al., 2012).  

 

1.9 EPR spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy measures the absorption of applied 

electromagnetic radiation (in the microwave range) by the spins of unpaired electrons 

(paramagnetic centers) exposed to an external magnetic field. The technique has some analogies 

to the more commonly known NMR spectroscopy, but in contrast to NMR, electron spins are excited 

instead of the nuclear spins. Biomolecules, like proteins or nucleic acids, are normally diamagnetic 
and yield no EPR signal. This characteristic can be considered an advantage since it allows to mark 
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biomolecules site-specifically with so-called spin labels which in turn enables a background-free 

measurement.  

 

1.9.1 Site-directed spin labeling  

The method of site-directed spin labeling (SDSL) was first developed by Hubbell and co-workers in 

the late 1980s (Altenbach et al., 1989; Altenbach et al., 1990). It means the introduction of a 

paramagnetic center into the biomolecule of interest via spin labels. In protein labeling frequently 

used spin labels are nitroxides with a de-localized electron between the nitrogen and oxygen atom. 

A variety of nitroxides are available (Bordignon, 2017) that can be covalently attached to a cysteine 

residue via a sulfhydryl linkage. The most commonly used nitroxide is MTSL ((1-Oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl)methanethiosulfonate) (Berliner et al., 1982), that is characterized by 

a small size, comparable to the volume of a tryptophan side chain. However, the S-S bond between 

MTSL and a cysteine side chain is prone to cleavage under reducing conditions, which is why in 

cellular environments labels with a more stable thioether bond are used as, e.g., Proxyl (3-

Maleimido-2,2,5,5-tetramethyl-1-pyrrolidinyloxy) (Griffith and McConnell, 1966; Lawless et al., 

2017; Le Breton et al., 2015). 

Notably, site-specific spin labeling via cysteines requires engineered protein variants with unique 

cysteine (for mobility measurements) or two cysteines (for distance measurements) at defined 
positions. This presupposes the removal of all endogenous cysteines which is critical for proteins 

with essential cysteines.  

Besides the classical post-purification labeling approach, a major progress has been made in the 

development of in vivo labeling techniques including in-cell labeling with labels that can be 

specifically attached to unnatural amino acids or by genetically encoded spin labels (Braun et al., 

2019; Fleissner et al., 2009; Schmidt et al., 2014; Schmidt et al., 2015a; Schmidt et al., 2015b). 

 

1.9.2 Principle of EPR spectroscopy 

In an external magnetic field, an electron spin can adopt only one of two states, it can either align 

parallel (spin up) or antiparallel (spin down) to the magnetic field with a magnetic spin quantum 

number of mS = +½ or mS = -½. The energy difference between the spin states increases 

proportionally with the strength of the magnetic field. Electrons can flip between the states by either 

emission or absorption of energy. The transition from the low-energy to the high-energy state 
absorbs energy, which is detected in EPR. A peak occurs when the energy difference between two 

spin states matches the energy of radiation (= resonance).  
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Figure 7. Energy splitting of an unpaired electron exposed to a magnetic field. In an external magnetic (B0), an electron spin 

can adopt two states with a spin quantum number mS=+½ or mS=-½. The energy difference is proportional to the strength 

of the magnetic field. Dipole-dipole interactions between an electron spin a nuclear spin of 14N (I = 1) leads to a hyperfine 

splitting into three states (+1, 0, -1). The transitions correspond to three absorption lines (Abs.), which are detected as first 

derivative (Der.) in CW EPR spectroscopy. Picture taken with permission from Bordignon and Bleicken (2018). 

 
The splitting of energy levels is described by the Zeeman effect. Further splitting of each state 

occurs when the paramagnetic center is influenced by the nuclear magnetic field. The interaction 

between the electron spin and nuclear spins is characterized by hyperfine couplings relying on 

dipole-dipole interactions. In a nitroxide spin label, the electron spin is also affected by the nuclear 
magnetization of the nitrogen atom (14N; nuclear spin I = 1), which leads to the splitting into three 

energy states (Figure 7). Consequently, there are three energy transitions, corresponding to three 

absorption lines, that are detected as first derivative (Figure 7).  

 

1.9.3 Continuous wave (CW) mobility measurements  

One application for EPR spectroscopy is the continuous wave (CW) experiment, by which the 
electromagnetic radiation is kept at a constant microwave frequency (X-band, ~9.5 GHz) during the 

complete experiment and the magnetic field is scanned. The shape of the CW spectrum depends 

on the rotational mobility of the spin label. A free tumbling nitroxide in solutions results in narrow 

line widths and similar peak heights. Attached to a protein the rotational correlation time of spin 

label linker is modulated by the motion of the entire protein, the backbone dynamics of the labeled 

region as well as the motion of the spin label linker itself. In general, a narrow central line width 

corresponds to a fast reorientation time, whereas line-broadening and additional peaks in the low- 
and high magnetic field peaks indicate a slower rotation of the label. In Figure 8 CW spectra with 

different rotational correlation times are shown. 
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Figure 8. Nitroxide CW spectra with different rotational correlation times (written in the figure legend). Picture taken with 

permission from Bordignon and Bleicken (2018). 

 

Since the CW spectrum reflects changes in rotational mobility, it can be used to detect differences 
in the local spin label environment. A label site-scan with protein variants labeled at different 

positions can be used to detect local interaction sites to other macromolecules as it was, e.g., shown 

for the binding of α-synuclein to mitochondria and membranes (Robotta et al., 2017; Robotta et al., 

2014; Robotta et al., 2012). An advantage of CW mobility, compared to other methods as e.g. X-

ray crystallography, is that it can be performed under near physiological conditions as the spectra 

are recorded in aqueous buffered solution at room temperature.  

 

1.9.4 Pulsed EPR distance measurements 

Pulsed EPR spectroscopy enables precise intra- and intermolecular distance distribution 

measurements between two spin labels. The distance information is encoded in the dipolar coupling 

between two spins, as the coupling is inversely proportional to the cube of distance.  

In the following, the methodology of pulsed EPR spectroscopy is briefly explained by the example 
of a four-pulsed double electron-electron resonance (DEER), also known as pulsed electron double 

resonance (PELDOR), experiment. More detailed descriptions are given by reviews (Drescher, 

2012; Jeschke, 2012; Jeschke and Polyhach, 2007) and textbooks (Drescher and Jeschke, 2012; 

Tsvetkov et al., 2019). 

Short distances up to 2 nm are accessible by CW EPR experiments (Banham et al., 2008; Cooke 

and Brown, 2011) but for longer distances, it is necessary to separate the weak dipolar couplings 

from other interactions. Pulsed EPR approaches, like DEER, can extract the dipole-dipole 

interactions by which distances from 1.8 to 10 nm can be accessed (Pannier et al., 2000; Polyhach 
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et al., 2012; Ward et al., 2010). For perdeuterated samples, distances up to 16 nm were observed 

(Schmidt et al., 2016). In DEER experiments pulses at two different microwave frequencies are 

applied: Pulses at the frequency νobserver create a detectable spin echo and a π-pulse at frequency 

νpump (pump pulse) manipulates the dipolar coupling (Figure 9 A). The pump pulse excites a small 

fraction of all electron spins and flips them at 180°, which defines these spins as “B spins” (Figure 

9 B). The B spin inversion affects the magnetization of spins in an accessible range for dipolar 

coupling (= A spins; Figure 9 B). The pump pulse is applied at various time points (T), relative to a 
primary undetected echo (Figure 9 A). This variation in T together with the change of A spin 

magnetization modulates the intensity of the detected refocused echo, which occurs after the 

second π-pulse at frequency νobserver. To avoid fast transverse spin relaxation, DEER experiments 

are performed at cryogenic temperatures and if possible, with deuterated buffer and cryoprotectant 

(e.g., glycerol-d8) or even with deuterated proteins. 

 
Figure 9. Four-pulse DEER experiment. (A) Pulse sequence with pulses at frequency νobserver and a pump pulse at frequency 

νpump. The time point T of the pump pulse is varied. (B) Dipole-dipole coupling between two electron spins. The pump pulse 
flips B spin at 180 °, which influences the local field of A spins. (C) The normalized echo intensity (V/V0) plotted as a function 

of pump pulse delay (T). Th red line represents the background function from intra-molecular interactions. (D) Background-

corrected DEER trace, the form factor. (E) Obtained distance distributions. (C)-(E) adapted from Drescher (2012). 

 

The echo intensity (V) plotted as a function of time T yields the DEER trace (Figure 9 C). The DEER 
trace comprises not only the couplings between A and B spins within one protein but also inter-

molecular interactions. This background (Figure 9 C, red line) can be simulated or experimentally 

determined and a background-correction leads to the form factor (F) (Figure 9 D). A fast oscillation 

frequency indicates a short and narrow distance distribution, whereas a slower or no visible 

oscillation often corresponds to broader distance distributions. The conversion of the coupling 

frequency into the distance domain is a critical step in the DEER data evaluation and commonly 

realized in a model-free fashion by Tikhonov regularization. A new approach obtaining distance 

distribution directly from the DEER trace is based on neuronal networks (DEERNet; Worswick et 

al., 2018).   
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2. Aims of this thesis  

In S. cerevisiae, the process of de novo protein folding is supported by the ribosome-associated 
RAC-Ssb system. Although the basic functionality of the chaperone system is understood, there 

are many open questions concerning the functional interplay between RAC and Ssb, the exact 

positioning of the complexes and individual proteins on the ribosome as well as additional functions 

besides in co-translational folding.  

RAC’s unique interaction with the ribosome, including an indirect connection to the decoding center, 

raised the question whether RAC coordinates translational speed/fidelity with co-translational 

folding. To learn more about the structure, conformational changes and the ribosome-binding mode 

of RAC the first aim was to develop the application of EPR spectroscopy on RAC. This included the 
construction, purification and labeling of RAC variants that can be used for EPR spectroscopic 

measurements as well as the monitoring of in vivo functionality, protein stability and ribosome-

binding ability of these RAC variants.  

In a second step, the pulsed EPR technique DEER was applied to gain information about the 

structure of Zuo1’s C-terminus comprising the functional contact to the 40S ribosomal subunit. To 

verify whether a recently proposed structural model of Zuo1’ C-terminal region also exists in full-

length RAC and to see whether there are conformational changes upon ribosome binding, distance 

measurements within the 4HB and the MD were performed.  
Another EPR spectroscopic tool, CW EPR, was used to detect local ribosome binding sites in Zuo1. 

EPR CW measurements represent a powerful method to detect interaction sites of proteins. 

However, it had not yet been applied to study the interaction between ribosome-associated factors 

and the ribosome. A spin label site-scan of Zuo1’s 4HB and the N-terminal part of the MD should 

clarify whether the method is suitable to detect ribosome binding sites. Furthermore, obtained 

results were used to position Zuo1’s C-terminal region at the 40S subunit.  

 
Another part of this thesis was a collaborative work dealing with the Ssb-ribosome interaction and 

the functional role of Ssb’s ribosome-binding ability. My aim in this study was to analyze the 

subcellular localization of Ssb, especially after the loss of ribosome binding.  

 

In a second collaborative study, the additional function of Ssb in ribosome biogenesis was 

addressed. My aim was to prove by fluorescence microscopy that Ssb localizes in the cytosol and 

in the nucleus, where ribosome biogenesis predominantly takes place. To dissect the functions of 

nuclear and cytosolic Ssb, a nuclear Ssb variant was constructed in the scope of this study. My 
contribution was to visualize the nuclear localization of this Ssb mutant and to subsequently quantify 

the relative amounts of different Ssb variants in the nucleus and the cytosol.  
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3. Results, discussion and outlook  

 

3.1 The RAC-ribosome interaction studied by EPR spectroscopy (A) 

 
Fries, S.J.*, Braun, T.S.*, Globisch, C., Kolesko, M., Peter, C., Drescher, M., Deuerling E.  

* equal contribution 

 

 
The results of this chapter will be published (Fries et al.) and the current version of the manuscript 

can be found in the appendix (manuscript I). The presented data were obtained in close cooperation 
with Theresa S. Braun of the Malte Drescher group (EPR spectroscopy) and Christoph Globisch of 

the Christine Peter group (simulations). Marta Kolesko (former M. Robotta) of the Malte Drescher 

group contributed in the early phase to the project.  

 

 

 

 
Contributions 

1. Design of experiments 

2. Cloning, expression and purification of all RAC variants  

3. Purification of yeast ribosomes 

4. In vivo characterization of RAC variants (growth assays) 

5. In vitro ribosome-binding assays and quantification 

6. Stability test of purified RAC variants  

7. Spin-labeling of RAC variants and sample preparation  
8. CW-mobility measurements  

9. Discussion and interpretation of the data 

 

 

 
  



Results (A) 

 24 

3.1.1 Results (part A) 

3.1.1.1 Site-directed spin labeling and EPR spectroscopy with RAC 
In order to analyze RAC by EPR spectroscopy, the protein complex had to be marked with 

paramagnetic spin labels. The here applied labeling strategy relies on the attachment of a spin label 

to the sulfhydryl group of a cysteine residue. To guarantee point-specific labeling, RAC variants 

with a single cysteine or two cysteines were constructed. Single cysteine variants were used to 

perform CW mobility measurements and intra-molecular distances were obtained from RAC 

variants carrying two cysteines (labeling sites). For the construction of the respective RAC versions, 

first, the three endogenous cysteines (Ssz1 C81 C86; Zuo1 C167) were substituted by serines, 
followed by the introduction of cysteines at the desired amino acid positions. The cysteines were 

placed in the middle domain (MD) and the C-terminal four-helix bundle (4HB) of Zuo1, together the 

two domains (MD + 4HB) will be referred as C-terminal region (Figure 10 A).  

We choose this region as a starting point for EPR spectroscopy with RAC for several reasons: First, 

this region is of particular interest from a biological point of view, as it contains the functional 

important contact point to ES12. Second, there are already some structural data available that 

allowed us to build a model, that served as template for strategic label placement and as a reference 
for distance measurements. The structural model was based on the crystal structure of Zuo1’s ZHD 

(PDB 5DJE; Lee et al., 2016) and the NMR structure (PDB 2LWX; Ducett et al., 2013) of the 4HB, 

connected by a modeled α-helix as MD. Based on current knowledge (Lee et al., 2016), we 

positioned the ZHD on the 60S subunit and adjusted the C-terminal region to the 40S subunit, with 

Zuo1’s positively charged patch (aa 284 to 364) facing towards ES12 (Figure 10 B). A close-up 

view of the C-terminal region at the 40S subunit is shown in Figure 10 C; the labeling positions are 

colored. Figure 10 A gives a schematic overview of the domain organization of RAC (Zuo1 & Ssz1), 

the labeling sites in Zuo1 and the overall arrangement of RAC on the ribosome.  
The labeling positions were determined on the basis of the structural model. Considering the amino 

acid positions, the side chain accessibility, the charge of the replaced residue and intramolecular 

interaction we chose three positions in the C-terminal part of the MD, two sites in the first helix of 

the 4HB (K351C & K363C) and one in each helix of the helices 2-4 of the 4HB. All RAC variants 

used in this study are listed in Table 1. Thereby RAC variants are named by their cysteines (labeling 

sites) in Zuo1, e.g., the RAC variant with Ssz1 C81S C86S; Zuo1 C167S K351C is referred to as 

RAC K351C.  
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Figure 10. The RAC-ribosome complex. (A) Domain organization of RAC (left) and its interaction with the ribosome (right). 

Zuo1: The N-terminal domain (ND) interacts with Ssz1, the J-domain (JD) stimulates the ATPase activity of Ssb (not shown), 

the Zuo1 homology domain (ZHD) binds to the 60S ribosomal subunit, the middle domain (MD) spans the two ribosomal 

subunits and the C-terminal four-helix bundle (4HB) is in contact with ES12, a eukaryotic expansion of helix 44 (H44), which 

reaches up to the decoding center of the ribosome. The MD together with the 4HB is referred to as C-terminal region. 

Labeling positions (cysteine substitutions) for site-directed spin labeling are indicated. Ssz1: The nucleotide-binding domain 

(NBD) and the substrate-binding domain (SBD) are connected by a linker. Ssz1 interacts with the ND of Zuo1 but has no 

direct contact to the ribosome. (B) Ribbon representation of the yeast 80S ribosome (PDB 4V88; Ben-Shem et al., 2011) 

with parts of Zuo1. The crystal structure of the ZHD (PDB 5DJE; Lee et al., 2016) and the NMR structure (PDB 2LWX; 

Ducett et al., 2013) of the 4HB are connected by a modeled long a-helix as MD and assigned to the ribosome based on 

current knowledge (Lee et al., 2016). Labeling positions are colored as in (C). (C) Close-up view on Zuo1’s C-terminal region. 

Colored residues depict positions used for cysteine substitutions and subsequent labeling, the heteroatoms in the sidechains 

are colored by atom type (oxygen red, nitrogen blue) and ES12 is highlighted in red.  
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Table 1. RAC variants used for EPR spectroscopy. The RAC variants are named by the relevant amino acid substitution in 

Zuo1 (in bold). The introduced cysteines (labeling sites) are located either in Zuo1’s middle domain (MD) or in the four-helix 

bundle (4HB). The applied EPR spectroscopic method is indicated as CW (continuous-wave) for mobility measurements or 

DEER (double electron-electron resonance) for distance measurements.  

 

Name Substitutions Location of cysteines EPR method 

RAC S328C Ssz1 C81S C86S 
Zuo1 C167S S328C MD CW 

RAC S335C Ssz1 C81S C86S 
Zuo1 C167S S335C MD CW 

RAC K337C Ssz1 C81S C86S 
Zuo1 C167S K337C MD CW 

RAC K351C Ssz1 C81S C86S 
Zuo1 C167S K351C 4HB: Helix 1 CW 

RAC K363C Ssz1 C81S C86S 
Zuo1 C167S K363C 4HB: Helix 1  CW 

RAC S387C Ssz1 C81S C86S 
Zuo1 C167S S387C 4HB: Helix 2 CW 

RAC S395C Ssz1 C81S C86S 
Zuo1 C167S S395C 4HB: Helix 3 CW 

RAC T417C Ssz1 C81S C86S 
Zuo1 C167S T417C 4HB: Helix 4 CW 

RAC KR_PP K351C Ssz1 C81S C86S 
Zuo1 C167S K351C K355P R395P 4HB: Helix 1 CW 

RAC KR_PP K363C Ssz1 C81S C86S 
Zuo1 C167S K355P R395P K363C 4HB: Helix 1 CW 

RAC K351C S328C Ssz1 C81S C86S 
Zuo1 C167S S328C K351C 

Middle domain; 
4HB: Helix 1 DEER 

RAC K351C S335C Ssz1 C81S C86S 
Zuo1 C167S S335C K351C 

Middle domain; 
4HB: Helix 1 DEER 

RAC K351C K337C Ssz1 C81S C86S 
Zuo1 C167S K337C K351C 

Middle domain; 
4HB: Helix 1 DEER 

RAC K351C K363C Ssz1 C81S C86S 
Zuo1 C167S K351C K363C 4HB: Helix 1 DEER 

RAC K351C S395C Ssz1 C81S C86S 
Zuo1 C167S K351C S395C 4HB: Helix 1 & Helix 3 DEER 

RAC K351C T417C Ssz1 C81S C86S 
Zuo1 C167S K351C T417C 4HB: Helix 1 & Helix 4 DEER 

RAC K363C S387C Ssz1 C81S C86S 
Zuo1 C167S K363C S387C 4HB: Helix 1 & Helix 2 DEER 

RAC K363C S395C Ssz1 C81S C86S 
Zuo1 C167S K363C S395C 4HB: Helix 1 & Helix 3 DEER 

RAC K363C T417C Ssz1 C81S C86S 
Zuo1 C167S K363C T417C 4HB: Helix 1 & Helix 4 DEER 

RAC KR_PP K351C  
K363C 

Ssz1 C81S C86S 
Zuo1 C167S K351C K355P  
R395P K363C 

4HB: Helix 1 DEER 
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Prior to the cloning and purification of RAC variants, we checked whether the cysteine mutations 

might affect the secondary structure or stability of Zuo1. To this end, we performed molecular 

dynamics simulations with either a structural model comprising all cysteines in the 4HB (Figure 11 

A) or all cysteines in the MD and helix 1 of the 4HB (Figure 11 B). In both cases the structures 
remained stable in two independent simulations over 1000 ns, indicating that even the combination 

of more than two introduced cysteines is unlikely to interfere with the protein structure.  

 

 
Figure 11. Stability of the structural models combining either all cysteines in the 4HB (A) or all cysteines in the MD + helix 1 

of 4HB (B) in molecular dynamics simulations. Cartoon representation of the starting and end structures of the simulation 

with depicted cysteine mutations. The lower panels show the timeline of the secondary structure. The conservation of the 

secondary structure elements, especially the helical parts, together with the side-to-side representation of the starting and 

final conformations demonstrate the stability of the structural models over the simulation time. Both models behaved similarly 

in a second independent simulation (data not shown). 

 

In addition, we tested the in vivo functionality and integrity of all RAC variants in yeast growth 

assays. A yeast strain lacking RAC (RACΔ) displays a characteristic phenotype: The growth rate is 
reduced and the sensitivity towards high salt concentrations and translation inhibitory drugs is 

enhanced compared to wt cells (Gautschi et al., 2001; Kim and Craig, 2005; Michimoto et al., 2000; 

Yan et al., 1998). For the growth assays, RAC∆ cells were transformed with plasmids encoding 

either wt Ssz1 and Zuo1 (positive control) or the respective RAC mutant variants (see Table 1). 

Liquid cultures were adjusted to the same OD600, spotted on an agar plate in fivefold serial dilutions 

and incubated for two to three days. As expected, expression of the wt RAC genes (SSZ1 ZUO1) 

restored growth of RAC∆ cells, even during translational stress caused by Hygromycin B or L-
Canavanine (Figure 12). The same was true for all RAC variants used in this study, indicating that 

they are all fully functional in vivo.  
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Figure 12. Yeast growth assay to test in vivo functional integrity of RAC variants. Wt or RAC∆ (ssz1∆ zuo1∆) cells were 

transformed with either empty vectors (e.v.; negative control), vectors encoding for RAC (SSZ1; ZUO1; positive control) or 

RAC variants (Table 1). KR_PP variants show a reduced ribosome binding and are further described in section 3.1.1.3. 

Overnight cultures were adjusted to OD600 = 0.4 and spotted on agar plates in fivefold serial dilutions. Indicated plates 

contained the translation inhibitory drugs Hygromycin B or L-Canavanine. All plates were incubated at 30 °C for two or three 

days. Shown are representative plates from at least three biological replicates.  

 

EPR spectroscopic experiments were to be performed in vitro with purified recombinant proteins. 

To this end, the RAC variants were overexpressed in Escherichia coli and subsequently purified. 

For the purification of RAC, a sophisticated three-step procedure, including an ion exchange and 

size-exclusion chromatography step, was developed (see methods section). For the applied site-

directed spin labeling (SDSL) a high purity is critical, as cysteine-carrying contaminants can lead to 

unspecific labeling. 

To investigate whether the purified RAC variants remain stable in the timescale of measurements, 
we performed a stability test (Figure 13). As the CW mobility measurements were conducted at 

room temperature for several hours, we compared the protein pattern of purified RAC directly after 

thawing and after 16 h at RT in a Coomassie-stained SDS gel. There was no visible degradation 

for any of the single cysteine variants used in CW EPR spectroscopy and only very little degradation 

for the two double cysteine variants RAC K351C S95C and RAC K351C K337C. The mild 

degradation of these cysteine variants was not critical since DEER experiments were recorded in 

a frozen state. 

For labeling, we first tried the most commonly used nitroxide label MTSL. However, for this we 
noticed cleavage of the label in ribosome-containing samples. For that reason, we switched to the 

more stable nitroxide Proxyl, which is linked to the protein side chain via a thioether bond (Cattani 

et al., 2017; Lawless et al., 2017; Le Breton et al., 2015). The complete labeling procedure is 

described in the methods section. 

Ribosomes for the EPR experiments were purified from yeast cells, whereby the 80S fraction was 

collected. The purification protocol included a washing step with a high salt buffer to remove 

endogenous, ribosome-bound RAC. Samples for EPR spectroscopy contained either labeled RAC 
(~50 -100 µM) in an aqueous buffered solution with physiological salt concentrations or labeled 
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RAC that was pre-incubated with ribosomes. Ribosomes were added in a slight (20%) excess over 

RAC to shift the binding equilibrium more towards the formation of RAC-ribosome complexes.  

 
Figure 13. Protein stability of purified RAC variants. RAC was incubated for 0 h or 16 h at room temperature (RT) and 

loaded (2 µg) on to an SDS-PAGE. Shown are Coomassie-stained gels. The single cysteine RAC variants used for RT CW 

EPR spectroscopy remained stable over time. The double cysteine variants RAC K351C S395C and RAC K351C K337C 

showed minor degradation, indicated by the appearance of additional bands after 16 h at RT. KR_PP variants show a 

reduced ribosome binding and are further described in section 3.1.1.3. 

 
To check whether the cysteine mutations affected ribosome-binding of RAC we performed a co-

sedimentation assay (Figure 14). Analogous to the sample preparation for EPR spectroscopy, 
purified RAC was mixed with a 20% molar excess of 80S ribosomes and incubated for 30 min at 

30 °C. Unbound RAC was separated from ribosome-associated RAC by ultracentrifugation. The 

ribosome-containing pellet fraction was analyzed by SDS-PAGE followed by western blotting. The 

amount of wt RAC bound to 80S ribosomes was set to 100% (Figure 14). For the single cysteine 

RAC variants binding ability was not (e.g., RAC K363C: 103%) or only slightly affected (e.g., RAC 

K351C: 88%) but some combinations of two amino acid replacements resulted in reduced binding 

(e.g., RAC K351C K337C: 28%), likely due to reduced charge caused by the amino acid 

replacements (Figure 14).  
In conclusion, for the analysis of Zuo1’s C-terminus by EPR spectroscopy, 20 different RAC variants 

carrying a single or two cysteines in the MD and the 4HB were constructed (Table 1). All of them 

can support the growth of RACΔ cells and except for two variants; they also show a high in vitro 

stability. Only the ribosome-binding was reduced for some RAC mutants but as EPR spectroscopy 

is a highly sensitive method we expect to detect differences also in inhomogeneous samples.   
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Figure 14. In vitro ribosome-binding ability of RAC variants. Shown are the quantification (A) and Ponceau S-stained 

membranes with corresponding western blots (B). Purified RAC variants were mixed with 80S ribosomes and incubated for 

30 min at 30 °C. RAC-ribosome complexes were separated from unbound RAC by ultracentrifugation. The ribosome-

containing pellet was analyzed by SDS-PAGE followed by western blotting. The Ponceau S-stained membranes were used 

for quantification. The signal intensity of RAC (Ssz1 & Zuo1) was set in relation to first ribosomal protein band (→) below 

RAC (internal loading control) and corrected for background ratio. The ratio for wt RAC was set to 100%. Error bars represent 

SEM of at least three independent experiments. The presence of RAC was verified with an antibody against Zuo1 and the 

presence of ribosomes by an antibody against uL22. Ribosome binding of RAC KR_PP variants is drastically reduced (for 

detailed description see section 3.1.1.3.)   
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3.1.1.2 Determination of Zuo1’s structure by DEER  
One aim of this study was to establish double electron-electron resonance (DEER) distance 

measurements on RAC. Distance distributions obtained by DEER can provide valuable information 

about the protein structure and conformational dynamics. 

We analyzed whether a proposed structural model of Zuo1’ C-terminal region (Lee et al., 2016; 

Zhang et al., 2014) is correct in the context of the full-length protein and when RAC is bound to the 
ribosome. The model is based on a structure of Zuo1’s C-terminal 4HB and the assumption that 

the MD forms an α-helix (see Figure 10). In order to determine the conformation experimentally, we 

conducted DEER measurements within the helix bundle and between the 4HB and the MD. For 

each distance pair, one label was placed in helix 1 of the 4HB (K351C or K363C) and a second 

label in helix 2-4 or the MD (see table 1). The expected distance distributions were calculated with 

the open-source software MMM (Polyhach et al., 2011) with an implemented Proxyl rotamer library. 

To obtain the most accurate predictions, the calculations were performed on the basis of clustered 
structures derived from molecular dynamics simulations.  

The measured distance distributions of RAC in solution (blue lines) and the respective predictions 

(magenta lines) are shown in Figure 15. The blue shaded areas present the validation of data post-

processing and the magenta shaded areas the standard deviations from the averaged clustered 

structures used for the predictions. Sharper peaks display a more defined distance between two 

labels, whereas broader peaks originate from an ensemble of configurations, indicating structural 

flexibility.  

In most cases, the experimentally determined distances match the predictions (magenta lines) or 
are at least in a similar range. Thus, we could verify that the proposed structural conformation of 

Zuo1’ C-terminus can be found in full-length RAC. Moreover, the fact that also the distances to the 

MD are consistent with the predictions is the first experimental proof for the existence of an α-helix 

as MD.  

 

To see if structural rearrangements occur in Zuo1’ C-terminal region upon ribosome binding, we 

conducted the same set of measurements with ribosome-associated RAC. For this kind of 

measurements, the maximal concentration of the ribosomes became a limiting factor. Due to the 
high molecular weight of a ribosome, the highest possible ribosome concentration in a sample was 

about ~30-40 µM and as RAC binds in 1:1 stoichiometry ribosomes, the concentration of labeled 

RAC was even lower. This led to low signal-to-noise ratios for ribosome-containing samples.  

To compare the different data sets (+/-ribosomes) reliably, we decided to directly compare the 

background-corrected DEER traces (form factors). The form factor is a representation of the dipole-

dipole interaction frequency in the time domain. A fast oscillation derives for smaller distances and 

a slow oscillation can be assigned to longer distances. The form factors of RAC +/- ribosomes 
(yellow/blue dotted lines) are depicted in Figure 16. For all RAC variants, the traces of +/- ribosomes 

are highly similar and could be superimposed. This conformity indicates that there were no large 

conformational rearrangements of the helices in the 4HB relative to each other as well as no 

changes in the position of the MD relative to the helix bundle upon ribosome binding.   
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Figure 15. Distance distributions P(R) of RAC in solution (blue lines). The data were obtained by background correction 

with the use of DEERNet (Worswick et al., 2018) and Tikhonov regularization. Shaded areas represent validation of data 

postprocessing (light blue) or standard deviation of clustered structures from two independent simulations (light magenta). 

RAC was labeled at (A) two sites within helix 1 of Zuo1’s 4HB, (B) one site in helix 1 and the second site in helix 2-4, or (C) 

one site in helix 1 and a second site in the MD.  
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Figure 16. DEER traces of RAC do not differ in the presence and absence of ribosomes. Similar form factors F(t) = V(t)/B(t) 

(dotted) and corresponding Tikhonov regularization fits (line) of Proxyl-labeled RAC variants in solution (blue) or complexed 

with ribosomes (yellow) indicate that RAC preserves its conformation upon ribosome binding. RAC was labeled at (A) two 

sites within helix 1 of Zuo1’s 4HB, (B) one site in helix 1 and the second site in helix 2-4, or (C) one site in helix 1 and a 

second site in the middle domain.  
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The up to this point presented DEER measurements were conducted with empty 80S ribosomes 

(i.e. without a nascent polypeptide). But as the binding mode of RAC to the ribosome may differ 

during translation, we adjusted the ribosome purification protocol to get ribosomes that might still 

carry a nascent chain. To achieve this, we didn’t treat the cells with puromycin (release of the 
polypeptide) and selectively collected the polysome fraction (translating ribosomes). With these 

ribosomes, we repeated the DEER measurements RAC K351C T417C (helix 1- helix 4) and of RAC 

K351C S328C (helix 1 to the MD). The resulting form factors were comparable to them obtained 

for RAC in solution (Figure 17).  

 

 
Figure 17. Form factors F(t)/F (0) are similar for RAC incubated with either vacant (yellow) or presumably more active 

ribosomes (green). Compared are the measurements of RAC K351C S328C (helix 1 – MD) and RAC K351C T417C (helix 

1 – helix 4 in 4HB).  

 

Collectively, the data from the DEER distance measurements in RAC showed that the 4HB exists 

in full-length RAC in solution and on the ribosome and that the MD forms an α-helix. Interestingly, 

we couldn’t observe any conformational changes in Zuo1 upon ribosome binding, which suggests 
an unexpected certain degree of rigidity for the whole C-terminal region.  
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3.1.1.3 Detection of local ribosome-binding sites in Zuo1  
Another powerful tool in EPR spectroscopy are CW mobility measurements. The rotational mobility 

of the attached spin labels can report on local binding at this position. To test whether CW EPR 

spectroscopy is suited to detect ribosome binding sites in Zuo1 we conducted measurements at X-

band with singly labeled RAC variants in solution and bound to ribosomes. The labeling positions 

(Figure 10, Table 1) were the same as for the previous DEER experiments. An overview of all 
spectra measured in the course of this thesis is presented in Figure 18.  

 

For the following characterization, we focused on the spectra of the two RAC variants RAC K351C 

and K363C (Figure 19). Lysine 351 is part of a patch of positively charged residues (aa 284 to 364) 

that mediate the contact to the 40S subunit and is located in the first helix of the 4HB (Figure 10 C; 

Leidig et al., 2013; Zhang et al., 2014). Lysine 363 is also part of the patch (Zhang et al., 2014) and 

located in helix 1 (Figure 10 C).  
The CW spectra of Proxyl-labeled RAC K351C and RAC K363C in solution (w/o ribosomes; blue 

line) are depicted in Figure 19 A+B. Both spectra displayed three broad absorption lines 

characteristic for a nitroxide spin label bound to a protein. The presence of ribosomes in the sample 

changed the spectral appearance (Figure 19 A+B; yellow spectra). Interestingly, RAC K351C-

Proxyl strongly responded to ribosome binding, whereas for RAC K363C-Proxyl only minor changes 

were observable. In the spectrum of RAC K351C-Proxyl + ribosomes (Figure 19A, yellow spectrum) 

the low- and high-magnetic-field peaks were shifted away from the central peak, indicating slower 

rotational mobility of the label. To parameterize these changes without the need for a full spectral 
simulation, we decided to perform a low field peak analysis. Therefore, we built the ratio of the 

signal intensity at magnetic field position 3404.6 G and 3414.8 G. This low field ratio (LFPR) reports 

on changes at these spectral points upon ribosome binding. The LFPRs of all measured spectra 

are indicated in Figure 18 and the LFPR of RAC-K351-Proxyl and RAC K363C-Proxyl + ribosomes 

are visualized in Figure 19 C. The ratios shown in Figure 19 C were normalized to the respective 

the buffer-spectra (RAC without ribosomes), which were set to 1 (not shown in the Figure). The 

visible differences of the spectra of RAC K351C-Proxyl +/- ribosomes (Figure 19 A) corresponded 

to a drastic change in the LFPR (Figure 19 C, orange bar). The LFPR for RAC K351C-Proxyl + 
ribosomes increased to a value of 17.58. RAC K363C-Proxyl, in contrast, was only mildly affected 

by ribosome binding. The LFPR of RAC K363C-Proxyl raised from 1 (w/o ribosomes) to ~ 3 upon 

ribosome binding (Figure 19 C).  
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Figure 18. Overview of all collected CW spectra. The spectra of singly labeled RAC variants were recorded either in absence 

(blue) or presence of ribosomes (yellow) or presence of ES12Δ10 ribosomes (green). The low field peak ratio (LFPR) was 

obtained by calculating the quotient of the intensities at 3404.6 G and 3414.8 G (circles).  
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Figure 19. CW spectra of RAC labeled in helix 1 of Zuo1’s 4HB. Shown are the spectra of (A) RAC K351C-Proxyl, (B) RAC 

K363C-Proxyl and (D+E) the respective variants with two prolines (KR_PP) in the absence (blue) or presence of ribosomes 

(yellow) or ES12Δ10 ribosomes (green). Black lines highlight significant spectral features as represented by low field peaks 

at 3404.6 G and 3414.8 G. (C+F) The intensity ratio at the position of the two low-field peaks (low field peak ratio, LFPR) 

was calculated for spectra with ribosomes and normalized to the respective ratio in the absence of ribosomes. Error bars 

indicate the noise – low field peak signal – ratio. 

 

To prove that the strong effect observed for RAC K351C-Proxyl derived from ribosome binding we 

applied two different strategies to prevent the local interaction with the ribosome. First, we used 
ribosomes lacking 10 terminal bases in ES12 (referred to as ES12∆10; Lee et al., 2016). The rRNA 

expansion segment ES12 is the contact point between the 40S ribosomal subunit and the C-

terminus of Zuo1 (Figure 20 A). It was shown in vivo that the fraction of ribosome-bound RAC is 

drastically reduced when the tip of ES12 is missing (Lee et al., 2016). To test whether the binding 

to the ES12Δ mutant ribosomes is also hampered in vitro, we performed a ribosome-binding assay 

(Figure 20). The amount of ribosome-associated wt RAC was reduced to 26% compared to wt RAC 

incubated with wt ribosomes (set to 100%; Figure 20 B, C). The binding capability of RAC variants 
used for EPR spectroscopy to ES12Δ ribosomes was reduced to 15% for RAC K363C and to 2% 

for RAC K351C, respectively (Figure 20 B, C).  
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Hampered ribosome binding was also visible in the CW spectra: In the spectrum of RAC K351C-

Proxyl + ES12∆10 ribosomes (Figure 19 A, green spectrum) the low and high magnetic field peaks 

shifted back towards the central peak compared to the spectrum with wt ribosomes (yellow 

spectrum). Qualitatively, the spectrum resembled the spectrum of K351C-Proxyl in buffer (blue 
spectrum), consistent with a reduced ratio in the low field peak analysis (Figure 19 C).  

By losing the binding to the ribosome, the spectrum shared more similarities to the spectrum of free 

RAC again. Since the spectrum of RAC K363C-Proxyl was less affected by ribosomes, the effect 

of the presence of ES12∆10 ribosomes was also smaller compared to the K351C-Proxyl variant 

(Figure 19 A-C)  

 

 
 
Figure 20. In vitro ribosome bindings of single cysteine RAC variants to ES12∆10 ribosomes. (A) The tip of the expansion 

segment 12 (ES12, red) contacts the Zou1 C-terminus (in grey). In ES12Δ10 ribosomes, 10 terminal bases of ES12 are 

deleted (Lee et al., 2016). (B) To quantify the ribosome-binding ability of different RAC variants, the purified proteins were 

mixed wt or ES12Δ10 ribosomes and incubated for 30 min at 30 °C. RAC-ribosome complexes were separated from 

unbound RAC by ultracentrifugation. The ribosome pellets were analyzed by SDS-PAGE followed by western blotting. 

Presence of RAC was verified with an antibody against Zuo1 and presence of ribosomes by an antibody against uL22. 

Ponceau S-stained membrane was used for quantification (C). The signal intensity of RAC (Ssz1 & Zuo1) was set in relation 

to the first ribosomal protein band below RAC (indicated by →) and corrected for background ratio. The ratio for wt RAC 

bound to wt ribosomes was set to 100%. Error bars represent SEM of at least three independent experiments.  

 

In the second approach, we disrupted the RAC-ribosome interaction via mutations in Zuo1. In a 

previous study, the substitution of two amino acids (K351 & K355) to prolines was used to force an 

unfolding of Zuo1’s C-terminal 4HB and strongly decreased ribosome association (Ducett et al., 

2013). We performed in silico molecular dynamics simulations to reconstitute proline-induced 

unfolding in helix 1 of the 4HB. We tried different substitutions and finally determined K355 R359 

as the most promising positions for proline substitutions. In the study of Ducett et al., (2013) used 

position K351 was not suited in our case as this residue was already a labeling site.  
The RAC variant RAC K351C K355P R359P K363C (referred to as RAC KR_PP K351C K363C) 

showed a fast irreversible and robust unfolding of helix 1 in two independent 1000 ns simulations 

(Figure 21 A). To verify the unfolding experimentally, we determined the length between the flanking 

labeling sites K351C and K363C by DEER (Figure 21 B, C).  
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An overlay of the form factors of Proxyl-labeled RAC K351C K363C and the respective proline 

variant (RAC KR_PP K351C K363C) displayed apparent differences in the oscillation pattern 

(Figure 21 B). Consistent with this, the obtained distance distributions varied between the two RAC 

variants (Figure 21 C). Compared to RAC K351C K363C the distribution for the KR_PP variant was 
broader and lacked a distinct peak, indicating a mixture of different conformations due to the 

disrupted secondary structure.  

The ability to bind to wt ribosomes was strongly diminished for RAC single cysteine variants carrying 

the proline substitutions (KR_PP). For RAC KR_PP K351C the binding capability was lowered to 

17% and for RAC KR_PP K363C to 26% (Figure 14). This residual binding was further reduced (-

1% and 1%) when combined with ES12∆10 ribosomes (Figure 20 B, C). 

The overall appearance of the CW spectra of RAC KR_PP K351C-Proxyl and RAC KR_PP K363C-

Proxyl was not affected by the presence of either wt or ES12∆10 ribosomes, but the low field peak 
analysis revealed slight differences (Figure 19 D-F). The slightly increased LFPR for samples with 

wt ribosomes can be partially explained by the residual binding (Figure 19 F). The lowest LFPRs 

were measured for the proline incubated with ES∆10 ribosomes (no detectable binding in vitro), 

demonstrating that the mere presence of ribosomes has almost no influence on the spectral shape. 

 

Taken together, it was shown that the slower rotational mobility in RAC K351C-Proxyl + 80S 

ribosomes is due to local ribosome binding at this position. This represents the proof of principle 

that CW EPR spectroscopy can be successfully applied to detect local ribosome binding sites in 
RAC. Furthermore, the identified interaction site K351 is a reference for further measurements.  

For none of the other tested positions, including K363C, we could detect such drastic changes in 

the spectrum upon ribosome binding as for K351C, indicating that these positions are not in direct 

contact with the ribosome. These experimentally derived data fit our structural model, where most 

of the labeling sites are facing away from the ribosome (Figure 10). Moreover, the finding that the 

position RAC K351C but not RAC K363C was affected by ribosome binding provided further insights 

into the exact positioning of Zuo1 on the 40S subunit. The confirmed interaction site allowed to 
refine the positioning of the C-terminal region to the tip of ES12 with lysine 351 closer to the 

ribosome as lysine 363 (Figure 10 C).   
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Figure 21. DEER distance measurements proved the proline-induced unfolding of helix 1 in Zuo1's 4HB. (A) Unfolding of 

helix 1 in the RAC variant RAC KR_PP K351C K363C. Cartoon representation of the starting and end structures of the 

simulation with depicted cysteine and proline mutations. The lower panel shows the timeline of the secondary structure. 

During the simulation, helix 1 unfolds rapidly up to the second proline mutation (R359P). (B) Background corrected 

(DEERNet) form factors F(t) = V(t)/B(t) (dots) and corresponding Tikhonov regularization fits (lines) for Proxyl-labeled RAC 

K351C K363C (blue) and RAC KR_PP K351C K363C (green). (C) Distance distributions P(R) obtained from (B) by Tikhonov 

regularization and corresponding simulations (light blue for RAC K351C K363C, light green for RAC KR_PP K351C K363C). 

Shaded areas represent validation of data postprocessing or standard deviation of clustered structures from two independent 

molecular dynamics simulations.  
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3.1.2 Discussion (part A) 

A harmonic interplay of the RAC-Ssb system and the ribosome is crucial for correct co-translational 

protein folding as well as for high translational fidelity (Lee et al., 2016; Rakwalska and Rospert, 

2004). By spanning across both ribosomal subunits (Zhang et al., 2014), RAC is thought to 

functionally link the respective sites of action of a ribosome: the tunnel exit (protein folding) and the 

decoding center (translational fidelity). However, the underlying mechanism of how potential signals 

are transmitted between the functional centers remains completely enigmatic. In this study, we 
showed how the use of EPR spectroscopic tools can contribute to a detailed understanding of the 

RAC-ribosome interaction. 

 

3.1.2.1 EPR spectroscopy with ribosome-associated factors 
In the work presented here, we demonstrated for the first time that EPR spectroscopy is well suited 

to analyze the structure, conformational changes and binding sites of ribosome-associated factors, 
such as RAC, directly at the ribosome. EPR spectroscopy has been applied in the context of 

ribosomes using spin-labeled tRNA and mRNA (Malygin et al., 2015; Malygin et al., 2018; 

Rodriguez et al., 1980). However, the analysis of a factor bound to the ribosome, as the 107 kDa 

heterodimeric RAC in the current work, adds an additional layer of complexity. In general, it is 

challenging to gain structural insights into ribosome-associated protein complexes due to the large 

size of the translation machinery. For example, a single 80S ribosome of S. cerevisiae has a 

molecular weight of ~3.3 MDa (Klinge et al., 2012) and is therefore not suited to be studied by, e.g., 
NMR spectroscopy. Another remarkable strength of site-directed spin labeling (SDSL) EPR, in 

comparison to NMR, is its high sensitivity, which enabled measurements with low RAC 

concentrations (in ribosome-containing samples ~20-40 µM RAC in 20-60 µl). That EPR 

spectroscopy is in general applicable in complex environments was recently demonstrated Robotta 

et al. (2014) who analyzed the binding mode of α-synuclein to mitochondria. Despite the above 

mentioned strengths, EPR spectroscopy is even more powerful when combined with other 

techniques. In this thesis, available structural data derived from NMR spectroscopy, X-ray 

crystallography and molecular modeling were combined to a structural model. This model served 
as basis for strategic label placement, stability simulations and distance predictions and allowed to 

refine the positioning of RAC on the ribosome. Numerous examples exist, where EPR spectroscopy 

was successfully combined with other techniques for structure determination. The functionality of 

the E. coli DnaK/DnaJ chaperone system, for instance, was addressed by EPR spectroscopy 

together with X-ray crystallography (Barends et al., 2013) and with ion mobility native mass 

spectrometry (Lai et al., 2017). 
 

3.1.2.2 EPR spectroscopy with RAC 
To study RAC on the ribosome, we developed a working protocol, which includes the steps of 

cysteine variants construction, protein and ribosome purification, site-directed spin labeling and 

data evaluation. The chosen labeling sites in Zuo1’s C-terminus were surface-exposed to ensure 
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efficient labeling and to sense ribosome binding in EPR mobility measurements (Figure 10 C). 

Furthermore, molecular dynamics simulations were performed to check whether the introduced 

cysteines influence the protein secondary structure and stability. None of the cysteine mutations in 

RAC had a negative impact on Zuo1’s structure (Figure 11) in two independent simulations, which 
was consistent with the observation that also most of the purified RAC variants remained stable in 

the timescale of a typical EPR experiment (Figure 13).  

In order to be able to draw reliable and functional relevant conclusions from EPR data, it is essential 

to verify that the engineered proteins (cysteine variants) are still functional. Since the deletion of 

RAC results in a characteristic growth defect in yeast (Gautschi et al., 2001; Kim and Craig, 2005; 

Michimoto et al., 2000; Yan et al., 1998) growth assays with RACΔ cells transformed with plasmids 

encoding for RAC variants were performed. All RAC cysteine variants that were used for EPR 

experiments were able to complement growth of RACΔ cells, indicating that they are functional in 

vivo (Figure 12). 

Surprisingly, even the RAC KR_PP variants, which were impaired in ribosome binding (Figure 14), 

grew wt like (Figure 12). This fits the results of Ducett et al. (2013), were similar mutations (K351P 

K355P instead of K355P R359P), resulted in an reduced ribosome binding in vivo but did not affect 

growth under normal conditions (30 °C, w/o supplements). Thus, the contact between Zuo1 and 

the 40S ribosomal subunit does not seem to impair the function of RAC supporting growth. 

Nonetheless, the Zuo1-40S contact is of functional importance as it modulates translational 

accuracy. A disruption of the contact causes an increase in stop codon readthrough and a decrease 
-1 frameshifting (Lee et al., 2016). 

In addition to the in vivo functionality, the ribosome-binding activity of the RAC variants was 

analyzed. Single cysteine RAC variants used for CW EPR experiments were either not all or only 

mildly impaired in ribosome binding, whereas some of the double cysteine RAC variants displayed 

a reduced ribosome association (Figure 14). For instance, RAC K351C showed a ribosome binding 

ability of 88% compared to wt RAC (Figure 14), which was further reduced to 26% when combined 

with the K337C substitution (Figure 14). We assume that the substitution of two positively charged 
residues (lysine 337 & lysine 351) to cysteines caused the weakened affinity, since the two residues 

are part of a 80-residue charged patch in Zuo1 (aa 284 to 364), which is required for ribosome 

binding (Leidig et al., 2013; Peisker et al., 2008; Yan et al., 1998).  

Moreover, we found the nature of the spin label is critical in EPR experiments with ribosomes. 

Notably, the most commonly used nitroxide label MTSL was not stable in ribosome-containing 

samples. It has been reported that MTSL is prone to cleavage in a reducing cellular environment 

(Cattani et al., 2017; Lawless et al., 2017) and highly concentrated ribosomes might mimic such 

conditions. In contrast the more stable nitroxide Proxyl (Griffith and McConnell, 1966) was well-
suited to study RAC in the presence of ribosomes. 

Overall, two EPR techniques were deployed in the current work: Double electron-electron 

resonance (DEER) experiments, which yields distance distributions within RAC and continuous-

wave (CW) measurements reported on spin label mobility. Thus, we provided experimental proof 

for the existence of an assumed conformation of Zuo1’s C-terminus in solution as well as on the 
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ribosome (see 3.2.3) and further identified a potential interaction site between Zuo1 and the 40S 

ribosomal subunit (see 3.2.4). 

 

3.1.2.3 Zuo1’s C-terminus is rigid  
Distance distributions obtained by DEER allowed us to review a structural model of Zuo1’s C-

terminus. The model is composed of a fragmented structure of the C-terminal four-helix bundle 

(4HB) and a modeled long α-helix as middle domain (MD; Figure 10; Lee et al., 2016; Zhang et al., 

2014). The sequence of the MD predicts an α-helix, but the secondary structure has not been 
experimentally determined thus far as the crystallization of this region is challenging (Leidig et al., 

2013). Here, we provided experimental proof that the 4HB and the long α-helix of MD exist in full-

length RAC, both in solution and on the ribosome (Figure 15 & 16).  

We also analyzed whether this functionally important region undergoes any conformational 

changes. To this end, we compared the distances in solution and on the ribosome. Intriguingly, we 

did not detect any conformational rearrangements upon ribosome binding (Figure 16), at least not 

above the lower DEER detection limit of 1.8 nm (Jeschke, 2012), which indicates, that the analyzed 

region including the MD and the 4HB is rigid. This is consistent with the previous observation that 
changes in the length and rigidity of the MD impair the function of RAC (Zhang et al., 2014). A rigid 

C-terminal region would have implications for the assumed RAC-mediated signal transfer between 

the 40S and 60S ribosomal subunits. During translation, the ribosome undergoes a ratchet-like 

motion and the small subunit rotates 11° relative to the large ribosomal subunit (Svidritskiy et al., 

2014). RAC can bind to both conformations of the ribosome: the non-rotated and the fully rotated 

state (Zhang et al., 2014) and molecular modeling performed by Lee et al. (2016) suggests that 

Zuo1 maintains the contact to ES12 during the movement. Under the assumption that the Zuo1’s 

C-terminal region is rigid, as indicated by our findings, the conformational switch during the 
movement or signal transduction must take place more N-terminally in Zuo1, presumably at the 

junction to the Zuo1 homology domain (ZHD; see Figure 10 for Zuo1 model). The structure of this 

transition region (PDB 5DJE; Lee et al., 2016) shows that the N-terminal part of the MD and helix 

IV of the ZHD form a 120°-angled junction. Interestingly, mutation of an asparagine located in this 

junction (Asp283) to alanine affects ribosome binding and translational fidelity (Lee et al., 2016). 

This indicates that this region might indeed be the hinge between the rigid C-terminal part of Zuo1 

interacting with the 40S subunit and the N-terminal part, including ZHD and J-domain, interacting 
with the 60S subunit. Whether the MD-ZHD transition plays a role in the RAC-mediated signal 

transduction needs to be addressed in future experiments (see 3.3 outlook).  

 

3.1.2.4 Lysine 351 of Zuo1 is close to the ribosomal expansion segment 12 
We also showed how a second EPR spectroscopic technique, continuous wave (CW) mobility 
measurements, can be used to identify local contacts between RAC and the ribosome. We scanned 

the Zuo1 C-terminal region by inserting spin labels at different positions (see Table 1 & Figure 10) 

and subsequently performed CW mobility measurements for the different labeled variants in the 

presence of ribosomes. Local interaction with the ribosome can lead to an impaired spin label 
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mobility, which becomes visible in the CW spectrum. Differences in the spectral shape of labeled 

RAC in the presence and absence of ribosomes were parametrized by a low field peak analysis, in 

which the ratios of two defined spectral points were compared. The most significant change in 

LFPRs +/- ribosomes was observed for the labeling site K351C in Zuo1’s C-terminus (Figure 19 C). 
Control experiments verified that this difference was derived from ribosome binding and was not 

due to the mere presence of ribosomes. One concern during the study was that a high ribosome 

concentration (as used in the experiments) might increase sample viscosity, which might affect spin 

label mobility (Timofeev et al., 2008; Yaroslav and Vladimir, 2012). 

In a first control experiment, ribosomes lacking the distal part of ES12 were used to abolish the 

Zuo1-40S interaction (Figure 19 A &C; Lee et al., 2016). In a second approach, the 40S ribosome 

binding site in Zuo1 was disrupted. The replacement of two residues (K355 R359) within the Zuo1 

4HB with two prolines destroyed the secondary structure as shown by DEER (Figure 21 B, C). 
Consistently, the ribosome affinity of the respective RAC proline (KR_PP) variants were strongly 

diminished (Figure 14).  

For the two complementary approaches to interfere with ribosome binding, the spectra shared in 

each case strong similarities with the spectra recorded in the absence of ribosomes. This 

demonstrated that the strong effect observed for RAC K351C-Proxyl was not due to the mere 

presence of ribosomes in the samples but that is reflects an actual interaction with the ribosome. 

Lysine 351 of Zuo1 is located within a charged region (aa 284 to 364) that is required for the 

interaction with the ribosome (Leidig et al., 2013; Peisker et al., 2008; Yan et al., 1998), and that is 
assumed to contact ES12 (Lee et al., 2016; Zhang et al., 2014). A recent study found that the 

substitution of the neighboring lysine (K352) to alanine results in a greatly reduced ribosome-

binding ability of RAC in vivo (Lee et al., 2016), supporting our finding that lysine 351 is in close 

proximity to ES12.  

In contrast, RAC labeled at position K363C, located in the same helix and also part of the positively 

charged patch, was only mildly affected by ribosome binding (Figure 19 B & C), demonstrating the 

high local resolution of CW mobility measurements. For none of the other labeling positions tested, 
a similar strong change as for RAC K351C was observed. It is generally assumed that the positively 

charged region in Zuo1 mediates the contact to the negatively charged rRNA of ES12 (expansion 

of rRNA helix 44; Zhang et al., 2014; Lee et al., 2016), but exactly how the residues in Zuo1 are 

positioned relative to ES12 is unknown. The information that K351 but not K363, and also none of 

the other tested residues, is close to ES12 allowed us to refine the positioning of Zuo1’s C-terminus 

relative to ES12. We adjusted the orientation of the model structure in a way that lysine 351 and 

lysine 352 are in close vicinity to ES12 (as illustrated in Figure 10 C). 
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3.1.3 Outlook (part A) 

The work presented here was the first step of analyzing the RAC-ribosome interaction by EPR 

spectroscopy. To fully understand the functional interplay between RAC-Ssb and ribosomes further 

research is required. Building on the protocol established in the course of this study, EPR 

spectroscopy can be applied to other domains in RAC and Ssb to address the following questions: 

 

1. Do conformational changes at the Zuo1 MD-ZHD junction take place? 

Our findings suggest that the whole C-terminal region of Zuo1 is rigid and we assume that 

conformational changes in Zuo1 caused by ribosomal subunit rotation or other signals 

might take place at the boundary between the middle domain (MD) and the Zuo1 homology 

domain (ZHD). In the snapshot picture of a crystal structure (PDB 5DJE; Lee et al., 2016) 

of the ZHD in solution, the N-terminal part of the MD and helix IV of the ZHD form a 120° 

angled kink. To catch potential movements of the helices relative to each other, DEER 

distance measurements can be applied. Different distance pairs with one labeling site at 

each helix can be used to investigate whether the angle between the two helices changes 
under certain circumstances, such as ribosome binding or ongoing translation. 

 

2. What are the molecular details of the RAC-Ssb interaction? 

It is known that the J-domain of Zuo1 interacts with Ssb and thereby stimulates the Ssb 

nucleotide binding domain (NBD), seemingly like a classical Hsp70-JDP interaction (Huang 

et al., 2005). However, the Zuo1-Ssb interaction is rather specific since RAC can stimulate 

Ssb but not the Hsp70 Ssa and Ssb cannot be stimulated by any other J-domain protein 
(Huang et al., 2005). Furthermore, it was recently shown that RAC modulates the binding 

mode of Ssb on the ribosome. A strong interaction with the ribosome requires the ADP-

state of Ssb and hence depends on a functional J-domain of Zuo1 and a functional NBD of 

Ssb (Gumiero et al., 2016). The details of this RAC-mediated positioning of Ssb on the 

ribosome and interaction between Ssb and RAC could be studied by EPR spectroscopy in 

detail. With singly labeled RAC (label in Zuo1) or Ssb CW mobility measurements can 

provide information about the local interaction sites within this unique Hsp70-JDP system. 

Additionally, DEER distance measurements can be applied to address conformational 
changes within Ssb or regarding its positioning relative to RAC before and after ATP-

hydrolysis. For this purpose, one spin-label could be placed within RAC and second label 

within Ssb. Alternatively, one could engineer a distance pair within Ssb, e.g., with one label 

in the lid domain and a second label in the SBDβ. Clearly, there are many possible 

applications depending on the specific question. The recently solved structure of the 

bacterial Hsp70 DnaK in complex with the J-domain of DnaJ provides an optimal starting 

point for strategic label placement (Kityk et al., 2018). 
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3. Is there an additional interaction site between Zuo1’s J-domain and the ribosome? 

Two independent cryo-EM studies identified a contact site between Zuo1 and the ribosomal 

protein uL22 (Leidig et al., 2013; Zhang et al., 2014). However, uL22 could not be 

crosslinked to the ZHD of Zuo1 (Lee et al., 2016). This suggests that the contact to uL22 
might be mediated by another region of Zuo1, e.g., by the J-domain. So far, neither a high-

resolution structure of nor crosslinking data for Zuo1’s J-domain are available. By a CW 

EPR spin-labeling site scan, it could be checked if the J-domain is in close proximity to the 

ribosome and if yes which residues are involved. 

 

To observe the dynamic changes in RAC or other ribosome-bound factors during translation is the 

ultimate goal and EPR spectroscopy is ideally suited for this purpose. Ribosomes harboring a 

particular polypeptide (e.g., in case of RAC-Ssb a known Ssb substrate) with a defined length 
outside the tunnel would be ideal. However, the purification of such ribosome-nascent chain 

complexes (RNCs) of eukaryotic origin is challenging. In bacteria, the preparation of RNCs is a well-

established method, since translation can be stopped at wish by insertion of a SecM stalling 

sequence (Eichmann et al., 2010). Unfortunately, the SecM stalling mechanism does not work in 

eukaryotic systems. Instead, the human CMV sequence and stop-codon-lacking transcripts can be 

used to induce stalling in eukaryotes (Bhushan et al., 2010; Shao and Hegde, 2014). However, the 

purification of stalled ribosomes in appropriate amounts for EPR spectroscopy remains critical 

because of the existence of cellular quality control mechanisms in eukaryotes, that lead to a fast 
disassembly of stalled ribosomes. A further alternative could be the use of an adapted in vitro 

translation systems lacking critical parts of the control systems. Such a system lacking the release 

factor Hsb1, as it was recently described by Shao and Hegde (2014).  

Finally, recent progress in the development of genetically encoded spin labels, give the future 

perspective of performing measurements on translating ribosomes in living cells (Braun et al., 2019; 

Schmidt et al., 2014; Schmidt et al., 2015a; Schmidt et al., 2015b). 



Objective (B) 

 47 

 

3.2 Multivalent contacts of the Hsp70 Ssb contribute to its 
architecture on ribosomes and nascent chain interaction (B) 

 
Hanebuth, M.A., Kityk, R., Fries, S.J., Jain, A., Kriel, A., Albanese, V., Frickey, T., Peter, C., Mayer, 

M.P., Frydman, J., Deuerling E.  

 
Nature communications (2016) 7:13695. 

 

The publication including all figures can be found in the appendix. 
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3.2.1 Objective (part B) 

A unique feature of the fungi-specific Hsp70 Ssb is its intrinsic ribosome-binding propensity that 

allows Ssb to autonomously interact with translating ribosomes (James et al., 1997; Nelson et al., 

1992; Raue et al., 2007). This is in contrast to the RAC system of higher eukaryotes, where a 

cytosolic Hsp70 is recruited to nascent chains (Jaiswal et al., 2011; Sachs et al., unpublished). The 

molecular details and functional role of this unique interaction between Ssb and the ribosome 

remained enigmatic until the study presented here (Hanebuth et al., 2016). We set out to answer 

the long-standing question of how Ssb interacts with the ribosome. To this end, we systematically 
analyzed the functional consequences of the loss of ribosome binding and examined the role of 

RAC in this interaction. For the extensive phenotypical characterization of Ssb ribosome binding 

mutants, a variety of methods was applied, including polysome profiling to check for proper 

translation and ribosome biogenesis as well as fluorescence microscopy to visualize the subcellular 

localization of Ssb.
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3.2.2 Summary (part B) 

To identify regions in Ssb required for ribosome binding, the sequences of Ssb1 and Ssa1, that 

does not bind to the ribosome, were compared. The analysis revealed two basic regions that were 

unique for Ssb. The first region is located in the substrate-binding domain (SBD) of Ssb and the 

second region is in the C-terminal domain (CTD). Both regions harbor positively charged residues. 

A deletion of 13 aa within the CTD (Ssb1Δ601-13) resulted in a loss of ribosome binding in vivo. 

Substitution of four positively charged amino acids (KRKP) within this region to alanines 
(Ssb1_KRKR-AAA) also abolished ribosome binding indicating that the interaction with the 

ribosome relies on electrostatic interactions. For the second region within the SBD also electrostatic 

interactions with the ribosome were also anticipated. Consistently with this, changing the identified 

KRR motif to alanines (Ssb1_KRR-AAA) led to a reduced ribosome binding in vivo but to a lesser 

extent than for the Ssb1Δ601-13 mutant.  

 

Next, the functional role of the Ssb-ribosome interaction was analyzed. In-depth functional analyses 

with the Ssb ribosome-binding mutants in vivo and in vitro were conducted. Surprisingly, all tested 
ribosome-binding mutants, including Ssb1Δ601-13, Ssb1_KRKR-AAA and Ssb1_KRR-AAA, were 

able to complement the known growth defects (Nelson et al., 1992) of an ssbΔ strain. Thus, the 

ability of Ssb to bind to ribosomes was not essential to support normal growth.  

Moreover, the subcellular localization of Ssb1 and Ssb1Δ601-13 was determined (see part 4.3, 

Figure 22). No abnormalities in the subcellular distribution of the ribosome binding mutant 

compared to wt Ssb1 were detected. Deletion of the SSB1,2 genes (ssbΔ) results in defective 

ribosome biogenesis and aggregation of predominantly ribosomal proteins and ribosome 
biogenesis factors (Albanese et al., 2010; Koplin et al., 2010; Willmund et al., 2013). Consequently, 

also the levels of ribosomal particles as well as mature ribosomes are reduced in these cells. 

Polysome profiles of ssbΔ cells displayed a lower 60S and 80S peak and smaller polysomes 

compared to wt, reflecting a reduced translational activity. However, for cells expressing the 

ribosome-binding deficient Ssb1 variant (Ssb1Δ601-13), the polysome pattern was wt-like and no 

aggregation was detectable. Finally, the in vitro substrate-binding ability of the Ssb variants was 

tested. Wt Ssb1 and Ssb1Δ601-13 were both able to bind the canonic Hsp70 substrate APPY. 

Taken together, the Ssb1 ribosome-binding deficient variant Ssb1Δ601-13 was fully functional in 

vivo and in vitro.  

 
However, since Ssb does not act alone, a further question was whether its co-chaperone RAC is 

required for proper functioning of Ssb1Δ601-13. RAC, which also binds near the ribosomal tunnel 

exit, stimulates the ATP hydrolysis in Ssb and is therefore crucial for efficient nascent chain binding 

(Gautschi et al., 2002; Huang et al., 2005). Cells lacking RAC and Ssb (RAC-SsbΔ), display a 

severe growth defect, which was be partly rescued by wt Ssb1 but not the ribosome-binding 

deficient variant Ssb1Δ601-13. The perturbed polysome pattern of the RAC-SsbΔ strain, indicative 

of faulty ribosome biogenesis and low translation rates, was also only partially restored by wt Ssb1. 
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Finally, the ability of Ssb1 and Ssb1Δ601-13 to bind nascent polypeptides was analyzed. In the 

absence of RAC, Ssb1 was still able to bind nascent chains but to a lesser extent. The ribosome-

binding deficient variant Ssb1Δ601-13 also interacted with nascent chains but with a lower 

efficiency as wt Ssb1. When RAC was missing, the ability of Ssb1Δ601-13 to bind nascent chains 
was completely lost. These results demonstrated that RAC is important for proper functioning of wt 

Ssb1 and is absolutely required for functioning of the ribosome-binding deficient Ssb1Δ601-13.  

 
.
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3.2.3 Contributions (part B) 

3.2.3.1 Subcellular localization of yEGFP-Ssb1 and yEGFP-Ssb1Δ601-13 
The subcellular localization of Ssb1 and the ribosome-binding mutant Ssb1Δ601-13 was analyzed 

by confocal fluorescence microscopy (Figure 22). To visualize the localization the two Ssb variants, 

they were N-terminally fused to the fluorescent protein yEGFP. Both plasmid-encoded yEGFP-Ssb1 

constructs were able to support normal growth of ssbΔ cells (data not shown).  

For microscopy, living yeast cells in the early exponential phase (OD600 = 0.5) were used since they 

show a high translational activity. In the differential interference contrast (DIC) pictures, the outline 

of two dividing yeast cells became visible (Figure 22 B, first column). Yeast nuclei were stained with 
DAPI for better orientation. In the GFP channel, both variants, yEGFP-Ssb1 and yEGFP-Ssb1Δ601-

13 (Figure 22 A) showed an evenly distributed cytosolic signal (Figure 22 B). This indicates that 

deletion of 13 amino acids in the SBD, which disrupted ribosome binding, does not trigger 

aggregation or mislocalization of the mutant protein.  

 

 
 
Figure 22. Ssb1 ribosome-binding mutant Ssb1Δ601-13 displays normal subcellular localization. (A) Domain representation 

of Ssb. Depicted are the location of the nucleotide binding domain (NBD), the substrate binding domain (SBD) and the C-

terminal domain (CTD). Ssb1Δ601-13 lacks 13 C-terminal residues in its C-terminal domain (CTD) (B) Subcellular 

distribution of yEGFP-Ssb1 and yEGFP-Ssb1Δ601-13 analyzed by confocal fluorescence microscopy. Cells were grown to 

exponential phase and applied onto agarose slices. Differential interference contrast (DIC) with scale bar = 5 µm; DAPI was 

used for nuclei staining; overlay merges DAPI and GFP. Both Ssb variants showed a uniform cytosolic distribution. 

Reproduced with permission (Hanebuth et al., 2016). 
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3.2.4 Discussion (part B) 

In this study, the molecular details of the Ssb-ribosome interaction and the functional role of the 

interaction were elucidated. The identification of two ribosome binding regions indicates that the 

contact between Ssb and the ribosome is multilayered (Figure 23). The primary contact to the 

ribosome is mediated by the CTD of Ssb. This contact was independently discovered by another 

group (Gumiero et al., 2016). A second weaker contact point with the ribosome is located in SBD 

of Ssb1. It comprises a KRR motif and presumably aids in optimal positioning on the ribosome. 
Ribosomal attachment depends on positively charged residues found in both binding sites (KRKR 

in the CTD and the KRR motif in the SBD). The observed requirement of positive charges suggests 

that the binding to the ribosome relies predominantly on electrostatic interactions and provides an 

explanation for the observation that the interaction of Ssb with vacant ribosomes is salt-sensitive 

(Pfund et al., 1998; Raue et al., 2007). Consistent with this notion, a recent study revealed that 

Ssb1 interacts with the negatively charged rRNA at the 60S subunit (Gumiero et al., 2016). The 

interactions to the rRNA expansion segments ES24, ES42 and ES39, are presumably mediated by 

the herein identified positively charged regions in the SBD and CTD of Ssb. The much stronger 
affinity of Ssb1 to translating ribosomes is due to the additional interaction with the nascent chain 

and its contact to RAC (Gautschi et al., 2002; Hundley et al., 2002; Pfund et al., 1998). 

Unexpectedly, the extensive phenotypic characterization with ribosome-binding deficient variants 

revealed that the intrinsic ability of Ssb to bind ribosome is not required for proper functioning in 

vivo or in vitro. Still, Ssb needs its co-chaperone RAC to fulfill its function, especially when the 

ribosome binding is lost. For example, in RAC∆ cells, the fraction of Ssb interacting with nascent 

chains was reduced or not detectable at all in cells expressing the Ssb1 ribosome-binding mutant. 
These findings are consistent with a recent selective ribosome profiling study (Döring et al., 2017). 

There the authors also noticed a reduced number of Ssb ribosome-nascent chain complexes 

(RNCs) when RAC was missing. Furthermore, initial nascent chain binding was delayed in the 

absence of RAC (Döring et al., 2017). Interestingly, not only the nascent chain interaction of Ssb 

seems to be modulated by RAC but also its interaction with the ribosome. Gumiero and co-workers 

(2016) could show that Ssb1 interacts with the ribosomal proteins uL29 (Rpl35), eL39 (Rpl39) and 

eL19 (Rpl19), but that the contacts to uL29 and eL39 are dependent on RAC. When RAC was non-

functional (mutation in J-domain of Zuo1) or when Ssb1 was are lacking a functional ATPase 
domain (Ssb1-K73A), the fraction of ribosome-bound Ssb was drastically reduced, suggesting that 

efficient ribosome binding requires the ADP-bound state of Ssb.  

 

In conclusion, in the presence of RAC, the ability of Ssb to bind autonomously to ribosomes is not 

essential for its function. In that respect, the yeast RAC shows parallels to the RAC system in higher 

eukaryotes, where a cytosolic non-ribosome-associated Hsp70 is recruited to assist in co-

translational folding (Jaiswal et al., 2011). 
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However, what could be the benefit of the seemingly non-essential feature of ribosome binding of 

the yeast Hsp70 Ssb? The answer may simply be efficiency. The unicellular yeast S. cerevisiae is 

a fast-growing organism with high translation rates. This and its ability to rapidly adapt to 

environmental changes may require a highly efficient and fast-acting chaperone system on the 
ribosome, which is realized by multilayered interaction with the ribosome, RAC and the nascent 

chain (Figure 23). 

 

 
 

Figure 23. Model of Ssb’s multilayered interaction with the ribosome. A region in the C-terminal domain (residues 601-13) 

of Ssb mediates the key contact to the ribosome and includes a basic KRKR motif. A second weaker attachment point is in 

the substrate-binding domain of Ssb and harbors a KRR motif (residues 428-30). The ribosome binding is further 

strengthened by the binding of the nascent chain and the transient interaction with the J-domain of Zuo1. Reproduced with 

permission (Hanebuth et al., 2016). 
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3.3 Dissecting the functional plasticity of the yeast Hsp70 Ssb (C) 

 
Hanebuth, M.A., Fries, S.J., Stengel, F., Deuerling E.  

 

The results of this part will be published (Hanebuth et al.) and the full manuscript including all figures 

can be found in the appendix (manuscript II). 
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3. Quantification of Ssb1 fluorescence in nucleus and cytosol 

4. Discussion of experiments and manuscript  

5. Proofreading of the manuscript 

 

 

 

3.3.1 Objective (part C) 

The role of the yeast Hsp70 chaperone Ssb in co-translational protein folding is well understood. In 

concert with its co-factor RAC, it can bind a broad variety of nascent polypeptides to protect them 

from misfolding and aggregation (Döring et al., 2017; Willmund et al., 2013). However, over the last 

years, there have been accumulating hints for an additional role of Ssb in ribosome biogenesis. The 
synthesis of Ssb is co-regulated with that of ribosomal proteins (Lopez et al., 1999) and its nuclear 

export sequence (NES) suggests that it also resides in the nucleus, the origin of ribosome 

assembly. Furthermore, it is known that deletion of SSB genes results in aggregation of 

predominantly ribosomal proteins (r-proteins), ribosome precursors and ribosome biogenesis 

factors (RBFs) (Koplin et al., 2010; Willmund et al., 2013). Consistently, also the number of mature 

ribosomal particles was found to be reduced in cells lacking Ssb (Koplin et al., 2010).  

In order to dissect the anticipated dual function of Ssb in co-translational folding and maturation of 

ribosomes, a Ssb variant, which is almost exclusively in the nucleus, was engineered. The 
subcellular localization of different Ssb variants was visualized by confocal fluorescence 

microscopy and quantified. Moreover, the functional consequences of a predominantly nuclear Ssb 

version, with regard to translation and synthesis ribosomes, was analyzed. 
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3.3.2 Summary (part C) 

3.3.2.1 Ssb is involved in ribosome biogenesis  
First, further evidence for a role of Ssb in ribosome biogenesis was collected, as this function of 

Ssb is only poorly understood. By two different approaches, it could be shown that Ssb resides in 

both the cytosol and the nucleus. Biochemical analysis of total cell lysate and extracted nuclei 

revealed that about 90% of total Ssb is cytosolic. This fitted the observations obtained in 

fluorescence microscopy (see section 3.3.3.1; Figure 24). Deletion of the nuclear export sequence 

(NES) in Ssb1 resulted in accumulation in the nucleus, proving that Ssb1 resides in both 

compartments, cytosol and nucleus. 
Next, it was analyzed whether Ssb is involved in rRNA synthesis which takes place in the nucleolus. 

The absence of Ssb led to a strong accumulation of rRNA precursors (very likely 35S, 33S or 32S 

rRNA). Interestingly, a strain lacking Ssb’s J-domain partner Zuo1 showed also a mild accumulation 

of rRNA precursors.  

As that the absence of Ssb causes aggregation of many RBFs and r-proteins (Koplin et al., 2010, 

Willmund et al., 2013) it was analyzed by a pull-down experiment whether Ssb directly interacts 

with these proteins. The obtained interactome of TAP-tagged Ssb consisted of 207 hits with 65% 
of the identified proteins being involved in ribosomal function, architecture and assembly. Many of 

these proteins were specific substrates of Ssb1, as they were not pulled down in the presence of 

ATP. An excess of ATP forces the open conformation of the SBD and a subsequent substrate 

release. Interestingly, almost half of the identified RBFs became prone to aggregation in a ssbΔ 

strain (Koplin et al., 2010; Willmund et al., 2013). A compartment-specific interactome analysis 

could additionally show that the interactions between Ssb and the RBFs are restricted to the 

nucleus. In pull-down experiments with TAP-tagged RBFs, Ssb was associated with different pre-

ribosomal particles. To gain more insights into the structural arrangement of Ssb on the pre-
ribosomes chemical crosslinking followed by mass spectrometry (XL-MS) was applied. The general 

approach of XL-MS is to crosslink proteins in their native environment, followed by the exact 

sequence identification of crosslinked peptides by mass spectrometry (Leitner et al., 2016). One 

interaction that could be identified was between the NBD of Ssb and the ribosomal protein eL31 

(Rpl31), which surrounds the ribosomal tunnel exit. In addition, a second weaker crosslink between 

the NBD and the ribosomal protein uL3 (Rpl3) was found. Since the two ribosomal proteins are in 

close proximity, it is possible that Ssb binds both simultaneously.  

 

3.3.2.2 Dissection of the ribosomal and cytosolic functions of Ssb 
In order to assign certain functions of Ssb to a specific compartment, a Ssb1 variant that 

predominantly localizes in the nucleus was constructed. As the deletion of the NES was not 

sufficient to shift Ssb completely to the nucleus (Figure 24), an additional nuclear localization 

sequence (NLS) was fused to the N-terminus. The respective NLS-yEGFP-Ssb1ΔNES fusion 
protein showed a strong nuclear signal (Figure 25 C; see section 3.3.3.2). To further decrease the 

cytosolic amount of residual Ssb the overall cellular abundance of the plasmid-encoded Ssb1 
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variant was reduced by switching to a weak Met17 promoter (Mumberg et al., 1994; indicated by 

↓). Biochemical analysis revealed that the use of the ↓ promoter reduced the overall level of Ssb1-

yEGFP to 67.41% and for NLS-yEGFP-Ssb1ΔNES to 27.5% (Figure 25 A, B). The even stronger 

reduction for the mainly nuclear NLS-variant might be due to proteostasis control mechanisms in 
the nucleus. For confocal fluorescence microscopy results and subsequent quantification of the 

fluorescence signal see section 3.3.3.2.  

Next, a phenotypic characterization of the ssbΔ strain expressing nuclear NLS-yEGFP-Ssb1ΔNES↓ 

was performed. This strain displayed a severe growth defect compared to an SSB deletion strain 

complemented with the respective wt variant (yEGFP-Ssb1↓). Interestingly, the Ssb1 NLS-version 

completely suppressed the aggregation of r-proteins, which occurs in cells lacking Ssb1 (Koplin et 

al., 2010; Willmund et al., 2013). To gain insights into the ribosomal subunit maturation and 

translational activity of the strain expressing the cytosolic depleted NLS-variant, polysome profiling 
was performed. In ssbΔ cells, the amount of the 40S, 60S and 80S ribosomal particles was reduced 

and the overall translation rate declined as indicated by low polysome peaks (Koplin et al., 2010). 

The expression of yEGFP-Ssb1 restored the typical wt profile pattern. For NLS-yEGFP-

Ssb1ΔNES↓ the ratio of the 40S and 60S subunits is comparable to yEGFP-Ssb1, but the polysome 

fraction was sharply declined, indicating a proper subunit maturation but decreased translational 

activity. 
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3.3.3 Contributions (part C) 

3.3.3.1 Ssb localizes predominantly in the cytosol  
To investigate the subcellular distribution of wt and ΔNES Ssb1 fluorescence microscopy analysis 

were performed. The respective, plasmid-encoded Ssb1 GFP-fusion proteins were able to 

complement growth of transformed ssbΔ cells (data not shown). Cells expressing GFP-tagged Ssb1 

(yEGFP-Ssb1) showed an evenly distributed cytosolic fluorescence, without any visible signal in 

the nucleus. Thereby, the position of the nucleus within the cells was assigned by DAPI-staining. 

Deletion of the nuclear export sequence in Ssb1 (yEGFP-Ssb1DNES) resulted in an accumulation 

in the nucleus, proving that Ssb1 also resides in the nucleus.  

 

 
 

Figure 24. Subcellular distribution of yEGFP-Ssb1 and yEGFP-Ssb1∆NES analyzed by fluorescence microscopy. Ssb∆ 

cells were transformed with plasmid-encoded yEGFP-tagged wt or ∆NES Ssb1, grown to exponential phase and analyzed 

via confocal fluorescence microscopy. DIC (differential interference contrast) with scale bar = 5 µm; DAPI was used for 

nuclei staining, GFP shows Ssb1 localization and overlay merges DAPI and GFP signals. 
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3.3.3.2 A low expressed Ssb variant was almost absent from the cytosol  
To investigate the nuclear role of Ssb, the aim was to trap Ssb1 in the nucleus. For this purpose, 

the deletion of the nuclear export sequence (NES) was combined with a fusion of Ssb1 to of a 

nuclear import sequence (NLS) and a reduction of the overall Ssb expression level. To monitor the 

subcellular localization of different Ssb1 variants by fluorescence microscopy, GFP-fusion 

constructs were engineered. For microscopy, ssbΔ cells transformed with plasmids encoding Ssb1 
fusion proteins were grown to mid-log phase and subsequently treated with DAPI to visualize 

nuclear DNA.  

The Ssb1 wt GPF-tagged version (yEGFP-Ssb1) resided mainly in the cytosol and the NLS-variant 

(NLS-yEGFP-Ssb1ΔNES) showed an intentional nuclear accumulation (Figure 25 C). The Ssb1 

localization pattern remained unchanged when the Ssb1 variants were expressed under the control 

of a weak promoter (Met17 promoter, indicated by ↓). Since the intense nuclear signal of high 

abundant NLS-yEGFP-Ssb1ΔNES extended the DAPI signal, the localization of the nuclear pore 
protein indicated the nucleus border. Nup120 was expressed as mCherry fusion protein from a 

plasmid (Figure 25 D).  

The fluorescent images were used to quantify the subcellular distributions of the different Ssb1 

variants. Thereby, the integrated densities of total and nuclear GFP fluorescence were determined 

and the respective cytosolic values calculated. For cells expressing the GFP-tagged Ssb, only 

9.71% of the total fluorescence was derived from the nucleus (Figure 25 E), which was consistent 

with the biochemical analysis. This ratio was almost unchanged for low expressed yEGFP-Ssb1↓ 

(7.56% nuclear fluorescence, Figure 25 E). For cells expressing the NLS-variants, almost half of 
the Ssb1 molecules was found in the nucleus (51.84% and 46.01% for ↓, Figure 25 E)  

Next, the expression levels of different Ssb variants (Figure 25 A) were taken into consideration as 

well (performed by A. Hanebuth). This allowed for a comparison of Ssb protein amounts between 

the different strains with regard to the localization (nucleus or cytosol). Interestingly, the nuclear 

Ssb1 level of the low expressed NLS-yEGFP-Ssb1ΔNES↓ variant (12.65%) was comparable to the 

endogenously expressed wt version (Ssb1-yEGFP; 9.71%) but with the difference that the NLS-

variant was almost completely depleted from the cytosol (Figure 25 F). In cells expressing wt 

yEGFP-Ssb1, 90.29% of total Ssb1 was in the cytosol and in cells expressing NLS-yEGFP-
Ssb1ΔNES↓ only 14.85% of total Ssb1 were found in the cytosol (Figure 25 F). However, since the 

protein amounts in the nucleus are wt-like, it is unlikely that the nuclear functions of Ssb1 are 

impaired in cells expressing NLS-yEGFP-Ssb1ΔNES↓.  



Contributions (C) 

 58 

 
 
Figure 25. Low expressed NLS-Ssb is almost absent from the cytosol. (A) Analysis of protein levels of differently expressed 

Ssb1 constructs. Wild type (wt) or ssb∆ cells were transformed with either empty vector or different Ssb1 versions under 

control of the endogenous Ssb1 or a weak Met17 promoter (¯)r. Ssb1 expression was analyzed via immunoblotting; Pgk1 

served as a loading control. (B) Quantification of expression levels of different Ssb1 constructs as depicted in (A). Ssb 

signals were adjusted to the Pgk1 loading control and yEGFP-Ssb1 levels were set as 100%. Error bars represent SEM of 

at least three independent experiments. A Student's t-test was used to assess significances: *P < 0.05, **P < 0.01, ***P < 

0.001. (C) Subcellular distribution of yEGFP-Ssb1 and NLS-yEGFP-Ssb1∆NES under control of the Ssb1 or (¯) promoter. 

DIC (differential interference contrast) with scale bar = 5 µm; DAPI was used for nuclear staining (D) Nuclear localization of 

NLS-yEGFP-Ssb1∆NES was proved by co-expression of mCherry-tagged Nup120. (E) Quantification of Ssb1 fluorescence 

as shown in (C). Total and nuclear fluorescence of 50-100 cells was determined and cytosolic fluorescence was calculated. 

Error bars represent SEM of at least three independent experiments. (F) Nuclear and calculated cytosolic fluorescence 

intensities of different Ssb1 constructs as shown in (E) were adapted to expression levels as shown in (B) and yEGFP-Ssb1 

was set as 100%. 
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3.3.4 Discussion (part C) 

Previous findings indicate that the yeast Hsp70 Ssb might have an additional role in ribosome 

biogenesis (Koplin et al., 2010; Willmund et al., 2013) besides its well-studied function in co-

translational folding of nascent polypeptides (Koplin et al., 2010; Pfund et al., 1998; Willmund et al., 

2013). The presented study shed light on the proposed dual role of Ssb. First, it provided further 

evidence for an involvement of Ssb in the biogenesis of ribosomes. Second, it allowed for the first 

time to assign the two functions of Ssb to different compartments.  
 

Biochemical analysis and localization studies using fluorescence microscopy revealed that about 

10% of Ssb resides continuously in the nucleus, the principal site of ribosome biogenesis (Figure 

25 C, E & F). There, Ssb interacts with r-proteins and RBFs that are predominantly involved in the 

early steps of ribosome assembly. Some of these interactions are not present in the ATP-state of 

Ssb indicating that Ssb binds them like a substrate. The fact that many r-proteins are highly charged 

and aggregation-prone, especially in the absence of Ssb (Koplin et al., 2010; Willmund et al., 2013), 

suggests that Ssb might protect these proteins during their route from the cytosol into the nucleus 
until they are incorporated into pre-ribosomal particles. This might be a connection between the 

cytosolic and nuclear function of Ssb since it is known that Ssb binds many r-proteins already co-

translationally (Döring et al., 2017; Willmund et al., 2013). On the other hand, it was recently found 

that dedicated chaperones that prevent aggregation or r-proteins exist (Pausch et al., 2015). 

Whether Ssb indeed shields r-proteins until they are incorporated in the pre-ribosomal particles 

needs further investigations, but however such a scenario would also explain why Ssb affects the 

35S rRNA processing. R-protein incorporation and rRNA processing are tightly connected 
processes and a delay in one of them could lead to defects in the other. A direct role of Ssb in the 

cleavage of rRNA, in contrast, seems unlikely there is no nuclease activity described for Ssb. An 

alternative explanation was recently put forward by Mudholkar and co-workers (2017). They 

discovered an indirect link between Ssb and ribosome biogenesis through the TORC1-Sch9 

pathway: Thereby, Ssb is required for the TORC1-mediated phosphorylation of the kinase Sch9 

and one Sch9 target, the transcriptional repressor Maf1, is consequently less phosphorylated if Ssb 

is absent (Mudholkar et al., 2017). By this, Mudholkar et al. speculate that the reduced 

phosphorylation of Maf1 might lead to an inhibition of the Pol III-mediated synthesis of the 5S rRNA, 
which in turn is also involved in the 27S pre-rRNA processing (Boguta, 2013; Mudholkar et al., 

2017).  

 
The application of crosslinking coupled to mass spectrometry (XL-MS) on pre-ribosomes led to the 

identification of two distinct interaction sites between Ssb and the 60S pre-particles. Ssb was found 

to crosslink to the ribosomal proteins eL31 and uL3. The crosslink to eL31, which is located near 

the ribosomal tunnel exit, was recently reported for Ssb bound to mature 80S ribosomes (Hübscher 

et al., 2016). In another recent study, Ssb was also mapped near the tunnel exit, but interactions to 

eL31 or uL3 were not identified (Gumiero et al., 2016). However, it is well possible that the binding 
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mode of Ssb on pre-60S and mature 80S ribosomes differs. Ssb might already bind to pre-60S 

particles in the early stage of ribosome biogenesis to support the maturation of the area surrounding 

the ribosomal tunnel exit.  

 
In the second part of the study, it was possible to assign the two functions of Ssb to different cellular 

compartments: the nucleus and the cytosol. Fluorescence microscopy and biochemical analyses 

allowed to determine the exact amounts of Ssb in the nucleus and the cytosol. Wt yEGFP-Ssb1 

predominantly located in the cytosol (~90% of total Ssb1; Figure 25), which is consistent with a 

main function of Ssb in the co-translational folding of nascent polypeptides. It is was known for a 

long time that under steady-state conditions Ssb resides mainly in the cytosol and that up to 70% 

of Ssb associates with translating ribosomes (Nelson et al., 1992).  

A Ssb1 version that predominantly localizes in the nucleus should shed light on the additional role 
of Ssb1 in ribosome biogenesis. To construct a nuclear version of Ssb, the NES was deleted and 

an additional NLS fused to the N-terminus. The reduction of the overall expression level of Ssb 

resulted in a near-wt level of nuclear Ssb and an extremely low cytosolic level. The compartment-

specific abundance of the Ssb variants controlled by different promoters was calculated by a 

combined quantification of the expression level (biochemically) and the localization (microscopy) 

The low-expressed nuclear Ssb variant was fully functional concerning ribosome biogenesis but 

was impaired in translation.  

Collectively, the data indicate that the functional plasticity of Ssb is driven by its localization: Nuclear 
Ssb is involved in the maturation and biogenesis of ribosomes and cytosolic Ssb binds to translating 

ribosomes near the tunnel exit and supports co-translational nascent polypeptide folding. 
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4. Material and Methods 

4.1 Material  

4.1.1 Chemicals 

The chemicals were, if not stated otherwise, purchased from Carl Roth, BD Bioscience, Merck or 

Sigma-Aldrich. Enzymes and molecular weight size markers for DNA and proteins were purchased 

from New England Biolabs and Thermo Fisher Scientific.  

 

4.1.2 Growth media  

Growth media for the cultivation of the microorganisms E. coli and S. cerevisiae were prepared with 

dH20 and for solid media (agar plates) 2% (w/v) agar was added. Growth media for E. coli were 

supplemented with antibiotics and synthetic complete (SC) plates were, if indicated, additionally 

supplemented with 0.8 M NaCl, 0.75 µg/ml L-Canavanine or 25 µg/ml Hygromycin B.  
 
E. coli cells were grown in LB media:  

1%    (w/v) bacto tryptone 

0.5% (w/v) bacto yeast extract 

0.5% (w/v) NaCl 

 

S. cerevisiae was either cultivated in rich media (YPD) 

1% (w/v) bacto yeast extract 

2% (w/v) bacto peptone 
2% (w/v) dextrose 

 

or in defined synthetic complete media (SC) 

0.67% (w/v) bacto yeast nitrogen w/o aa 

2%      (w/v) dextrose 

0.2%   (w/v) aa dropout mix lacking distinct aa 

 

Dropout mix: contains all aa except for specific aa used for selection  
  2 g of all aa (exception leucine: 10 g) 

  0.5 g adenine 

  2 g uracil 

  2 g Myo-Inositol  

0.2 g p-aminobenzoic acid 
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4.1.3 Antibiotics  

For keeping the selection pressure for plasmids in E. coli, LB media were supplemented with one 
or several antibiotics. 
 

Antibiotic Stock solution Working concentration 

Ampicillin (Amp; AppliChem) 100 mg/ml in ddH2O 100 µg/ml 

Kanamycin (Kan; Carl Roth) 50 mg/ml in ddH2O 50 µg/ml 

Chloramphenicol (Cm; Serva) 25 mg/ml in 70% (v/v) ethanol 25 µg/ml 

 

4.1.4 Antibodies  

Antibody Dilution Origin 

a-Zuo1 (rabbit) 1: 10,000 Deuerling lab/ Koplin et al., 2010 

a-Ssz1 (rabbit) 1: 10,000 Deuerling lab/ Koplin et al., 2010 

a-Ssb1 (rabbit) 1: 10,000 Deuerling lab/ Koplin et al., 2010 

a-uL22 (Rpl17A, rabbit) 1: 10,000 Deuerling lab/ Koplin et al., 2010 

a-rabbit-HRP  1: 10,000 Dianova 

 

4.1.5 General buffer and solutions 

Bis-tris gel buffer (3.5x) 1.25 M bis-Tris HCl pH 6.5 
Bis-tris running buffer (MOPS; 5x) 250 mM MOPS, 250 mM Tris base, 5 mM EDTA, 0.5% SDS 
Bis-tris separation gel (10%) 2 ml ddH2O; 1.5 ml bis-tris gel buffer (3.5x), 1.75 ml acrylamide 

(37.5:1; 30% (v/v)), 37 μl APS, 10 μl TEMED 
Bis-tris stacking gel 3 ml ddH2O, 1.5 μl bis-tris gel buffer (3.5x), 

700 μl acrylamide (37.5:1; 30% (v/v)), 31 μl APS, 15 μl TEMED 
Coomassie destaining solution 35% (v/v) ethanol, 10% (v/v) acetic acid, 0.1% (v/v) glycerol 
Coomassie staining solution 0.25% (w/v) Coomassie Blue R250, 45% (v/v) ethanol, 10% (v/v) 

acetic acid 
DNA loading dye (6x) 30% (v/v) glycerol; 60 mM EDTA pH 8.0, 

0.12% (w/v) bromophenol blue, 0.12% (w/v) xylene cyanole 
ECL solution A 100 mM Tris-HCl pH 8.6, 0.025% (w/v) luminol 
ECL solution B 0.11% (w/v) p-hydroxycoumaric acid in DMSO 
ECL solution C 30% (v/v) H2O2 
ECL working solution ECL solution A+B+C in a ratio of 1000:100:1 
Phusion reaction buffer (10x) 100 mM Tris pH 8.8, 500 mM KCl, 20 mM MgCl2,1% (v/v) Triton 
Ponceau S 0.2% (w/v) Ponceau S, 5% (v/v) acetic acid 
Protein sample buffer (5x) 255 mM Tris-HCl pH 6.8, 5% SDS, 715 mM β-ME, 42.5% 

glycerol; 0.35% (w/v) bromophenol blue 
SDS-PAGE running buffer (10x) 25 mM Tris, 20 mM glycine, 1% (w/v) SDS 
SDS-PAGE running gel buffer (4x) 1.5 M Tris HCl pH 8.8, 0.4% (v/v) SDS 
SDS-PAGE running gel (10%) 2 ml ddH2O, 1.25 ml SDS-PAGE running gel buffer (4x), 1.67 ml 

acrylamide (37.5:1; 30% (v/v)), 25 μl APS, 10 μl TEMED 
SDS-PAGE stacking gel buffer (4x) 0.5 M Tris HCl pH 6.8, 0.4% (v/v) SDS 
SDS-PAGE stacking gel (6%) 1.37 ml ddH2O, 625 μl SDS-PAGE stacking gel buffer (4x), 500 µl 

acrylamide (37.5:1; 30% (v/v)), 25 μl APS, 5 μl TEMED 
TBS-T (1x) 20 mM Tris-HCl pH 8.0, 137 mM NaCl, 0.1% (v/v) Tween-20 
TFB1 
 

30 mM KAc, 50 mM MgCl2, 100 mM KCl, 10 mM CaCl2, 15% 
(v/v) glycerol 
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TFB2  10 mM MOPS pH 7.0, 75 mM CaCl2, 10 mM KCl, 15% (v/v) 
glycerol 

Yeast transformation solution 400 mM LiAc; 40% (w/v) PEG-3350; 132 mM β-ME 
Western blot transfer buffer (1x) 25 mM Tris base, 190 mM glycine, 0.35 mM SDS; 20% (v/v) 

methanol 
 

4.1.6 Plasmids  

Name Purpose Promoter Marker 
(S. c./ E. c.) 

Backbone Reference 

pRS315 Basic cloning vector -  LEU2/AmpR -  (Sikorski and 

Hieter, 1989) 

pRS316 Basic cloning vector -  URA3/AmpR -  (Sikorski and 

Hieter, 1989) 

Ssz1 Yeast growth assay SSZ1 LEU2/AmpR pRS315 Lab collection 

Ssz1 C81S C86S Yeast growth assay SSZ1 LEU2/AmpR pRS315 Lab collection 

Zuo1 Yeast growth assay ZUO1 URA3/AmpR pRS316 (Yan et al., 

1998) 

Zuo1 C167S Yeast growth assay ZUO1 URA3/AmpR pRS316 Lab collection 

Zuo1 C167S S328C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S S335C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S K337C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S K351C Yeast growth assay ZUO1 URA3/AmpR pRS316 Lab collection 

Zuo1 C167S K363C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S S387C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S S395C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S T417C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S K351C K355P 

R395P 

Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S K355P R395P 

K363C 

Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S S328C K351C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S S335C K351C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S K337C K351C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S K351C K363C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S K351C S395C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S K351C T417C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S K363C S387C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S K363C S395C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

Zuo1 C167S K363C T417C Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 
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Zuo1 C167S K351C K355P 

R395P K363C 

Yeast growth assay ZUO1 URA3/AmpR pRS316 This study 

yEGFP-Ssb1 Microscopy  SSB1 URA3/AmpR pRS316 (Hanebuth et 

al., 2016) 

yEGFP-Ssb1∆NES Microscopy SSB1 URA3/AmpR pRS316 Lab collection 

yEGFP-Ssb1∆601-13 Microscopy  SSB1 URA3/AmpR pRS316 (Hanebuth et 

al., 2016) 

NLS-yEGFP-Ssb1∆NES Microscopy SSB1 URA3/AmpR pRS316 A. Hanebuth 

NLS-yEGFP-Ssb1∆NES  

(low) 

Microscopy MET17 URA3/AmpR pRS316 A. Hanebuth 

yEGFP-Ssb1(low) Microscopy MET17 URA3/AmpR pRS316 A. Hanebuth 

Nup120-mCherry Microscopy NUP120 LEU2/AmpR pRS315 Lab collection 

pSUMO E. coli plasmid with 

SUMO-His6 

T7 - /KanR - (Weber et al., 

2014) 

Ssz1 C81S C86S  

Zuo1 C167S 

RAC purification T7 - /KanR pSUMO Lab collection 

Ssz1 C81S C86S 

Zuo1 C167S S328C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S S335C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S K337C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S K351C 

RAC purification T7 - /KanR pSUMO Lab collection 

Ssz1 C81S C86S 

Zuo1 C167S K363C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S S387C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S S395C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S  

Zuo1 C167S T417C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S  

Zuo1 C167S K351C K355P  

R395P 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S  

Zuo1 C167S K355P R395P  

K363C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S RAC purification T7 - /KanR pSUMO This study 
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Zuo1 C167S S328C K351C 

Ssz1 C81S C86S 

Zuo1 C167S S335C K351C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S K337C K351C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S K351C K363C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S K351C S395C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S K351C T417C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S K363C S387C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S K363C S395C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S 

Zuo1 C167S K363C T417C 

RAC purification T7 - /KanR pSUMO This study 

Ssz1 C81S C86S  

Zuo1 C167S K351C K355P  

R395P K363C 

RAC purification T7 - /KanR pSUMO This study 

 
4.1.7 Escherichia coli strains  

Name Genotype Reference 

DH5a Z1 laciq, PN25-tetR, SpR, deoR, supE44, Δ(lacZYA-argFV169), Phi80 lacZ 

ΔM15 

Invitrogen 

BL21 (DE3) F-, ompT, hsdSB, (rB-mB-), gal, dcm, rne131, (DE3) Invitrogen 

 

4.1.8 Saccharomyces cerevisiae strains  

Name Genotype Reference 

BY4741 MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0 Euroscarf 

ssz1∆ zuo1∆ (RAC∆) BY4741; ssz1::nat1; zuo1::kanMX4 Lab collection 

ssb1,2∆ BY4741; ssb1::kanMX4; ssb2::nat1 Koplin et al., 2010 

 
4.1.9 Primer 

Name Sequence 5‘à 3‘  
3'ZuoProm (ZuoX) GGGTAGGTAAAGAAAACATCGTTACTCTTGTTGGTATATGTG 
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3`zuo_aag_ZuoK351C GGAAGCTGCTAAGGCCGCCTGCAAAAAGAACAAGAGAGCCA 

5'ZuoX (ZuoProm) CACATATACCAACAAGAGTAACGATGTTTTCTTTACCTACCCTAACC 

5`zuo_aag-asZuoK351C TGGCTCTCTTGTTCTTTTTGCAGGCGGCCTTAGCAGCTTCC 

FP_Zuo_ rev CTATTCCATTTCTTACGGTATTCACACGAAGTAGGACAACAAGCTGG 

FP_Zuo_P_ fwd GCGGTGGCGGCCGCGCATTTAG 

FP_Zuo_T_ fwd CCAGCTTGTTGTCCTACTTCGTGTGAATACCGTAAGAAATGGAATAG 

FP_Zuo_T_ rev GATATCGAATTCCGAATCTTCATAAAAGGTGGCCACAATGA 

PstI_ZUO fw ATGTCGACCTGCAGAAGAGGAG 

PstI_ZUO fw ATGTCGACCTGCAGAAGAGGAG 

T3 ATTAACCCTCACTAAAGGGA 

T7 TAATACGACTCACTATAGGG 

XhoI Zuo_rev GTGGTGCTCGAGTCACACGAAG 

XhoI Zuo_rev GTGGTGCTCGAGTCACACGAAG 

ZUO_800nt_internal_seq CAAGAAGAAGACTGCTGATAAC 

Zuo_K355P_R359P_fwd AAAAAGAACCCTAGAGCCATCCCTAACTCTGCT 

Zuo_K355P_R359P_rev AGCAGAGTTAGGGATGGCTCTAGGGTTCTTTTT 

Zuo1_K337C_fwd CAAGGCTAACGCCTCCGCATGCGCTGACAAAAAGAAGGCTA 

Zuo1_K337C_rev TAGCCTTCTTTTTGTCAGCGCATGCGGAGGCGTTAGCCTTG 

Zuo1_K363C fwd CCATCCGTAACTCTGCTTGCGAAGCTGACTACTTTGG 

Zuo1_K363C rev CCAAAGTAGTCAGCTTCGCAAGCAGAGTTACGGATGG 

Zuo1_S328C_fwd GCGAAGGCTAAAGCTGAATGCGAAGCCAAGGCTAACGCC 

Zuo1_S328C_rev GGCGTTAGCCTTGGCTTCGCATTCAGCTTTAGCCTTCGC 

Zuo1_S335C_fwd GAAGCCAAGGCTAACGCCTGCGCAAAAGCTGACAAAAAG 

Zuo1_S335C_rev CTTTTTGTCAGCTTTTGCGCAGGCGTTAGCCTTGGCTTC 

Zuo1_S387C_fwd CAAGTTGGTTTGATCGTTGACTGCTTGAATGACGAAGAGTTAGTG 

Zuo1_S387C_rev CACTAACTCTTCGTCATTCAAGCAGTCAACGATCAAACCAACTTG 

Zuo1_S395C_fwd AATGACGAAGAGTTAGTGTGCACCGCCGATAAGATCAAG 

Zuo1_S395C_rev CTTGATCTTATCGGCGGTGCACACTAACTCTTCGTCATT 

Zuo1_T417C_fwd AGTTTTGAAGGAATCTGCAAAGTGCATTGTCGATTCTGGCAAACTAC 

Zuo1_T417C_rev GTAGTTTGCCAGAATCGACAATGCACTTTGCAGATTCCTTCAAAACT 

 

4.2 Methods 

4.2.1 Cultivation and storage of microorganisms 

E. coli cells were grown at 37 °C on solid or liquid LB medium supplemented with antibiotics. For 

permanent cultures cells from an overnight culture were mixed with DMSO (final concentration 10% 

(v/v)) and stored at -80 °C. 

 
S. cerevisiae cells were grown on rich medium (YPD) or selective medium (SC) overnight in liquid 

culture or solid media for two days at 30 °C. For permanent cultures cells grown on solid media 

were mixed with glycerol (final concentration 20% (v/v)) and stored at -80 °C. 
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4.2.2 Cloning 

Plasmid DNA was purified from E. coli cells using the QIAprep Spin Miniprep Kit (Qiagen). Cloning 

standard techniques were applied for molecular cloning (Green and Sambrock, 2012). Primers used 

for molecular cloning and sequencing were purchased from Biomers.net and resulting DNA 

constructs were verified by sequencing (performed by GATC Biotech).  

 

For the replacement and insertion of cysteine codons in SSZ1 and ZUO1, either the Q5® Site-
Directed Mutagenesis Kit (New England Biolabs) or a Fusion-PCR strategy, introducing the 

mutation site via overlapping primers, was used.  

 

Polymerase chain reaction (Mullis et al., 1986) 

For the amplification of DNA fragments, the method of polymerase chain reaction (PCR) was 

applied. A standard PCR reaction contained 50-200 ng template DNA, 2 µM of each primer, 200 µM 

dNTP mix (10 mM each), 1x Phusion reaction buffer and 0.5 µl Phusion DNA polymerase (lab 

purification). The reaction was subjected to an amplification cycle with the temperature profile listed 
below.  

 

PCR temperature profile 
Step Duration Temperature Repeats 
Initial denaturation 2 min 95 °C 1x 
Denaturation 
Annealing  
Elongation 

30 s 
30 s 
30 s /1000 bp 

95 °C 
55 °C 
72 °C 

30x  

Final elongation 2 min 72 °C 1x  
Storage ∞ 16 °C  

 

4.2.3 Preparation and transformation of chemically competent E. coli cells 

500 ml LB medium were inoculated with 2 ml overnight culture and grown to OD600 = 0.5. Afterward 

the culture was cooled on ice for 10 min and cells were harvested by centrifugation (1.500 xg; 10 

min; 4°C). Cell pellet was resuspended in 100 ml chilled TFB1 and kept on ice for 15 min. Cells 

were centrifuged (1.500 xg; 10 min; 4°C) and resuspended in 20 ml chilled TFB2. Aliquots of 100 µl 

were flash frozen in liquid N2 and stored at -80 °C.  
For transformation, an aliquot of 100 µl competent cells were thawed on ice and mixed with 1 µl 

plasmid DNA. Cells were heat-shocked for 1 min at 42 °C and subsequently incubated on ice for 5 

min. For phenotypic expression of the resistance cassette on the transformed plasmid, cells were 

mixed with 1 ml LB medium and incubated for 60 min at 37 °C. Afterward, cells were plated on 

selective medium containing the respective antibiotics. 
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4.2.4 Transformation of S. cerevisiae cells 

For transformation of yeast cells, one yeast colony was resuspended in a mixture of 30 µg heat-

denatured fish sperm DNA (carrier DNA), 1 µg plasmid DNA and 100 µl freshly prepared yeast 

transformation solution. Cells were incubated at 37 °C for 30 min, afterward pelleted by 

centrifugation (2 min at 2000 xg), resuspended in 100 µl sterile ddH2O and plated on selective 

medium (SC w/o leucine and uracil). Transformed cells were grown for 2-3 days at 30 °C.  

 

4.2.5 Yeast growth assays 

For growth analysis, BY4741 or RAC∆ cells were transformed with yeast plasmids. Exponentially 

growing cultures of transformants were diluted to OD600 = 0.4, spotted in fivefold serial dilutions on 
SC plates w/o leucine and uracil and incubated at 30 °C for 2 or 3 days. Plates supplemented with 

translation inhibitory drugs contained 25 μg/ml Hygromycin B or 0.75 μg/ml L-Canavanine (medium 

w/o arginine), respectively.  

 

4.2.6 SDS/bis-tris-PAGE and Coomassie blue staining  

To separate proteins according to their molecular weight, a protein sample was mixed with protein 

sample buffer and incubated for 5 min at 95 °C. Protein samples and a molecular weight standard 

were loaded on a 10% SDS-gel or 10% bis-tris-gel. The electrophoretic separation was performed 

in the respective running buffer (SDS or bis-tris/MOPS buffer) at 25 mA per gel. To visualize the 

protein pattern, the gels were stained for 1 h in Coomassie staining solution and subsequently 
destained in Coomassie destaining solution. 

 
4.2.7 Western Blot analysis, Ponceau S staining and immunodetection 

Proteins separated by bis-tris-PAGE were transferred to a nitrocellulose membrane (GE 

Healthcare) in a wet blot chamber filled with 1x western blot transfer buffer at 100 V for 1 h. 

Afterward, the proteins on the membrane were stained with Ponceau S solution (5 min). For 

immunostaining membrane was blocked for 1 h with 5% (w/v) milk in TBS-T followed by overnight 

incubation with primary antibody. The membrane was washed three times with TBS-T for 5 min and 
incubated with secondary antibody for 1.5 h. Afterward, the membrane was washed 3 x 5 min with 

TBS-T. HRP-coupled secondary antibodies were visualized with freshly prepared ECL-solution and 

detected with the Fusion SL (Peqlab) imaging system. 
 

4.2.8 Expression and purification of RAC 

For recombinant expression and purification of RAC Escherichia coli BL21 (DE3)*/pRARE cells 

were transformed with a plasmid encoding for a variant of His6-SUMO-SSZ1-ZUO1 (see plasmids 

& Table1). Cells were grown in liquid culture to an OD600 = 0.6 at 30 °C and expression of RAC was 
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induced with 0.5 mM IPTG for 3 h at 30 °C. Cells were harvested, resuspended in lysis buffer (40 

mM HEPES pH 7.4, 1 M KAc, 5% (v/v) Glycerol, 2 mM β-Mercaptoethanol, 1 mM PMSF, 1 mM 

EDTA, protease inhibitors, DNase I) and lysed by French Press. Lysates were cleared by 

centrifugation (18,000 xg, 30 min; 4 °C), supernatant treated with 10 mM MgCl2 to complex residual 
EDTA and finally applied to Ni-IDA resin (Protino; Mascherey-Nagel) for 30 min at 4 °C. The matrix 

was alternately washed twice with low salt buffer (40 mM HEPES pH 7.4, 100 mM KAc, 5 mM 

MgCl2, 5% (v/v) Glycerol, 2 mM β-Mercaptoethanol), high salt buffer (like low salt with 1 M KAc) 

and low salt buffer respectively. Finally, the His6-SUMO-Ssz1–Zuo1 complex was eluted in elution 

buffer (low salt buffer with 300 mM Imidazole). Elution fractions were mixed with Ulp1 protease (5 

μg/mg total protein) to remove His6-SUMO and dialyzed against RAC buffer (low salt buffer without 

β-Mercaptoethanol) for 3 h. As a second purification step RAC was applied to an anion exchange 

column (ResourceQ, GE Healthcare). All chromatogram peaks were analyzed by SDS-PAGE and 
RAC containing fractions were pooled and dialyzed against RAC buffer. In the last purification step, 

RAC was purified by size exclusion chromatography through a HiLoad Superdex 200 (GE 

Healthcare) column equilibrated with RAC buffer. Purity was verified by SDS-PAGE and fractions 

containing highly pure RAC were pooled, flash frozen and stored at -80 °C. 

To test the stability of purified RAC variants, protein samples were incubated for 0 h and 16 h at 

room temperature and subsequently analyzed in Coomassie Blue-stained SDS-PAGE (2 µg per 

sample loaded).  

 

4.2.9 Purification of 80S ribosomes 

Yeast 80S ribosomes were either purified from BY4741 or KAY488 + pNOY373 ES12∆10. To obtain 
ribosomes free of endogenous RAC the protocol includes a mild salt-wash step with 150 mM KCl. 

12 L cultures were grown to OD600 = 0.8, harvested and pellets flash frozen in liquid nitrogen. Cells 

were opened in a pre-cooled Retch Mill MM400 (30 Hz for 60 s) and powder was resuspended in 

Lysis Buffer (50 mM HEPES pH 7.4, 300 mM NaCl, 6 mM MgCl2, 0.5% (v/v) Nonidet-P40, 2 mM 

DTT, 1x Tm complete protease inhibitor cocktail (Roche), 1 mM PMSF). Cellular debris was 

removed by centrifugation (16,000 xg, 30 min, 4 °C), lysates applied to a 60% (w/v) sucrose cushion 

(50 mM HEPES pH 7.4, 50 mM KCl, 10 mM MgCl2, 5 mM EDTA, 0.5x Tm complete protease 

inhibitor cocktail (Roche)) and centrifuged for 20 h at 184,000 xg (45,000 rpm) at 4 °C in a Ti50.2 
rotor (Beckmann coulter). Ribosomal pellets were resuspended in resuspension buffer (50 mM 

HEPES pH 7.4, 150 mM KCl, 6 mM MgCl2, 1 mM DTT, 6.8% (w/v) sucrose) by shaking (150 rpm) 

on ice for 3 h. The crude ribosomal extract was then treated with 1 mM Puromycin (InvivoGen) for 

30 min at RT to release nascent chains and afterward centrifuged for 20 min at 20,000 xg at 4 °C. 

The ribosomal subunits were separated on 15-45% (w/v) sucrose gradients (50 mM HEPES pH 

7.4, 150 mM KCl, 2 mM MgCl2, 1 mM DTT), centrifuged at 17,500 rpm and 4 °C for 17 h (SW28-

rotor, Beckmann Coulter). The 80S containing fractions were collected and buffer exchanged to 

RAC buffer (40 mM HEPES pH 7.4, 100 mM KAc, 5 mM MgCl2) in 100,000 kDa MWCO centrifugal 
filters (Amicon Ultra-4, Millipore). Aliquots of 20 µl ribosomes were flash frozen and stored at -80 
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°C. To purify ribosomes that may still carry the nascent chain the protocol was adapted as follows: 

Faster harvest by vacuum filtration, no treatment with puromycin and collection of only the polysome 

fraction (translating ribosomes). 

 

4.2.10 In vitro ribosome-binding assays  

To test the ribosome-binding ability of the RAC variants, 1 µg 80S ribosomes (wt or ES12∆10) was 

mixed with 0.8 µg RAC and incubated for 30 min at 30 °C to allow the formation of RAC-ribosome 

complexes. Unbound RAC was removed via centrifugation through a 25% (w/v) sucrose cushion at 

200,000 xg (S140-AT rotor) for 90 min. The ribosome-containing pellet was resuspended in RAC 
buffer (40 mM HEPES pH 7.4, 100 mM KAc, 5 mM MgCl2). Samples were separated by SDS-

PAGE, wet blotted on nitrocellulose membranes (GE Healthcare) and stained by Ponceau S. The 

stained membrane was used for quantification. The signal intensity of RAC (Szz1 + Zuo1 signal) 

was determined with Fiji imaging software and divided by the signal intensity of the ribosomal 

protein band below RAC (internal loading reference). For background correction, the respective 

ratio of the ribosome sample (80S ribosomes w/o RAC) was subtracted. The ratio for wt RAC bound 

to wt 80S ribosomes was set to 100%. Error bars represent standard error of the mean (SEM) of at 

least three independent experiments.  

 

4.2.11 Sample preparation for EPR spectroscopy 

For EPR spectroscopy purified RAC-variants carrying a single or two cysteines were labeled with 

the nitroxide spin label Proxyl (3-Maleimido-2,2,5,5-tetramethyl-1-pyrrolidinyloxy, Sigma-Aldrich). 

Prior labeling, cysteines were reduced with a six-fold molar excess of DTT over SH-groups for 30 
min at 4 °C. DTT was removed by a desalting column (Zeba spin, Thermo Fisher), followed by the 

immediate addition of a six-fold molar excess of spin label. The samples were labeled for 2 h or 

overnight at 4 °C. Unbound label was removed in two consecutive desalting steps via desalting 

columns (Zeba spin, Thermo Fisher), equilibrated with RAC buffer (40 mM HEPES pH 7.4, 100 mM 

KAc, 5 mM MgCl2). Samples were concentrated to 50-190 µM using centrifugal filters (Amicon Ultra, 

MWCO 30 kDa, Millipore). To obtain RAC-ribosome complexes, labeled RAC was incubated with 

a 20% molar excess of purified yeast 80S ribosomes for 30 min at 30 °C. 

 

4.2.12 X-band continuous-wave (CW) EPR spectroscopy  

CW EPR spectroscopy was performed with singly labeled RAC at X-band (9.645 GHz) frequency 

in aqueous solution (RAC buffer: 40 mM HEPES pH 7.4, 100 mM KAc, 5 mM MgCl2) at room 
temperature. Measurement parameters were adjusted such that the spectral line shape was not 

distorted by overmodulation or saturation effects. Typical settings on the used EMXnano benchtop 

spectrometer (Bruker Biospin) were a power of 3.162 mW, a modulation amplitude of 0.8 G at a 

modulation frequency of 100 kHz. Samples were loaded into glass capillaries with 1 mm inner 
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diameter. Spectra were corrected according to the microwave frequency and normalized to the 

center field peak. The intensity low field peak ratio (LFPR) = I (3415.3 G) / I (3404.6 G) was 

calculated. LFPR were normalized to the LFPR of the protein spectrum in solution for each RAC 

variant. Error bars indicate the noise – low field peak ratio. Since concentration and thus signal-to-
noise ratios were worse for spectra in the presence of ribosomes, they were Savitzky–Golay filtered 

with an order of 2 and a frame of 101 for better illustration. 

 

4.2.13 Q-Band double electron-electron resonance (DEER) spectroscopy 
(performed by Theresa Braun) 
For DEER experiments samples (with 20% (v/v) glycerol-d8) were loaded into quartz tubes with 2 

mm inner diameter and shock frozen in liquid nitrogen before measurement. The experiments were 

performed using an ELEXSYS E580 spectrometer equipped with a Q-band resonator (ER5106QT-

2, Bruker Biospin) and a 150 W traveling-wave tube (TWT) amplifier (Applied Systems Engineering, 

Fort Worth, USA). Samples were held on cryogenic temperatures (50 K) with the EPR Flexline 

helium recirculation system (CE-FLEX-4K-0110, Bruker Biospin, ColdEdge Technologies) 
comprising a cold head (expander, SRDK-408D2) and a F-70H compressor (both SHI cryogenics, 

Tokyo, Japan), controlled by an Oxford Instruments Mercury ITC.  
The DEER experiment was performed using a four-pulse sequence (π/2obs – τ1 – πobs – t‘ – πpump – 

(τ1 + τ2 - t‘) – π obs – τ2 – Echo). The echo amplitude was recorded as a function of the dipolar 

evolutions time t. The pump and observer pulses were positioned on the global maximum and close 

to the most intense local maximum (shifted by 70 MHz) of the spectrum, respectively. The pump 

and observer pulse length were adjusted for each sample individually to obtain a flip angle of 𝜋 for 

the pump and 𝜋/2 and π for die observer pulse. The pulse separation time τ1 was 400 ns and the 

dipolar evolution time τ2 was 4000 ns. Typical pump pulses were in the range of 13 and 24 ns, 

observer pulses were 24 to 35 ns. An eight-step phase cycle was used. A complete DEER 

experiment was performed as a 2D experiment, where one dimension was the time axis and the 

second dimension the axis of individual scans. The scans were subjected to phase correction 

individually and subsequently summarized.  

DEER data sets were analyzed using the DeerAnalysis 2018 software package for MATLAB 
(Jeschke et al., 2006). Extraction of the dipolar evolution function was achieved by background 

correction with the generic four network ensemble DEERNet (Worswick et al., 2018) followed by 

model-free Tikhonov regularization. The optimum regularization parameter α was determined using 

the L-curve corner criterion. Tikhonov validation was performed with an ensemble of reconstructed 

background models from DEERNet combined with 5 noise realizations each with the help of the 

validation tool of the DeerAnalysis 2018 software.  

 

4.2.14 Molecular dynamics simulations (performed by Christoph Globisch) 

Model generation 

The structural models of the four-helix bundle mutants are based on the NMR structure (PDB 2LWX; 
Ducett et al., 2013). For the extended model of the four-helix bundle (4HB) including the middle 
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domain (MD) part of Zuo1, the helical part was extended with the comparative modeling software 

MODELER (John and Sali, 2003) by combining an ideal helix for the MD extension with the NMR 

structure of 4HB as templates for the final model. To introduce the cysteine and proline point 

mutations CHIMERA was used, where the most probable side chain rotamer of cysteine is replacing 
the previous amino acid. 

For a strategic cysteine placement, the model was further extended with MODELLER by the crystal 

structure of the Zuo1 homology domain (ZHD; PDB 5DJE; Lee et al., 2016) and placed all 4HB-MD 

and ZHD with respect to the ribosome structure (PDB 3J78; Svidritskiy et al., 2014) in the orientation 

described by Lee et al. (2016).  

 
Molecular dynamics 

All molecular dynamics simulations were obtained by GROMACS version 2016.3 (Abraham et al., 
2015; Pronk et al., 2013) using the CHARMM36m,(Bjelkmar et al., 2010; Huang et al., 2017) force 

field together with the tip3p (Jorgensen et al., 1983) water model. CHARMM-GUI (Brooks et al., 

2009; Jo et al., 2008) was used to prepare the starting structures. The simulation box was set to 

dodecahedron shape and defined in such a way that the minimum distance of the structure and the 

box was at least 1.5 nm. Subsequently, the protein was solvated with water and neutralized by 

sodium chloride. Two independent simulations have been performed for each structural model. 

Following simulation, settings have been applied. The Leap frog integrator was utilized together 

with all bonds being constrained by the LINCS algorithm (Hess et al., 1997) in order to enable a 
time-step of 2 fs. Long range Coulomb interactions were calculated by particle mesh Ewald 

(Essmann et al., 1995) method with a cutoff of 1.2 nm. A modified cutoff scheme for short-ranged 

electrostatic and Lenard Jones interactions of 1.2 nm, where a switching function is applied to 

smoothly approach the cutoff between 1.0 and 1.2 nm, was used. The neighbor list was updated 

every 20 steps. Initially, all systems were energy minimized with a steepest-descent algorithm for 

5000 steps. In the next step, an equilibration simulation followed (25 ps) in a canonical (NVT) 

ensemble was carried out where heavy atoms have been position restrained. The actual production 
simulations (1000 ns) were carried out in an isobaric-isothermal (NPT) ensemble without position 

restraints. The temperature was maintained at 298 K by the Nose-Hoover (Hoover, 1985; Nose, 

1984) algorithm with a period of the temperature fluctuations at equilibrium set to 1 ps. Constant 

pressure was maintained at 1 atm using isotropic Parrinello-Rahman pressure coupling (Parrinello 

and Rahman, 1981) with a pressure relaxation time of 5 ps.  

 

Cluster analysis and MMM calculations 

In order to get representative structures for DEER spectra simulations with the MMM (Polyhach et 

al., 2011) package, a cluster analysis was performed for the simulations of the structural models. 

We used the gromos clustering method (Daura et al., 1999) with a cutoff of 0.15 nm for the root 

mean square deviation (RMSD) of the α-carbon atoms in the case of the 4HB model and 0.2 nm 

for the proline mutant and the extended 4HB-MD model. For every simulation, the cluster analysis 

was based on 1000 frames. The obtained cluster centers from clusters with more than 50 members 
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have been subsequently processed with MMM to simulate the DEER distance distributions. In the 

next step, the calculated DEER distance distributions have been averaged for every structural 

model with weights corresponding to the cluster size.  

 

4.2.15 Fluorescence Microscopy 

For imaging of different yEGFP-Ssb1 constructs, cells were grown to early exponential phase 

(OD600 = 0.5-0.6) in SC-URA (pH 5.6) and shifted for DNA-staining to media with neutral pH = 7.0. 
DAPI was added to a final concentration of 10 µg/ml and the cells were incubated for 30 min at 30 

°C. For microscopy, the cells were immobilized on thin-coated agarose slides (1% (w/v) in SC-

URA). Fluorescence microscopy was performed using a Leica TCS SP8 confocal microscope 

equipped with a 63x oil immersion objective lens (NA 1.4). Digital images were processed using Fiji 

software.  

To determine nuclear and cytosolic fluorescence integrated densities (mean grey value x area) of 

GFP-fluorescence of cells and nuclear region were extracted using Fiji image J software. Nuclear 

regions were determined by DAPI-signal or in ssb1,2∆ NLS-yEGFP-Ssb1DNES strains by the 

nuclear GFP-signal that sometimes defined a larger area. The percentage of fluorescence in the 

nucleus was calculated by dividing the intensity value of the nucleus by the intensity value of the 

entire cell. Averaged values and standard deviation were derived from three individual experiments 

measuring 50-100 cells each.  
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5. Abbreviations 

Å Angstrom fwd forward 
°C Degree Celcius GFP Green Fluorescent Protein 
µ Micro (10-6) h  Hour/s 
aa Amino acid HEPES  

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

ADP Adenosine DiPhosphate kb kilo bases 
Ala / A Alanine NP40 Nonidet P40 
Amp Ampicillin HPD His-Pro-Asp (motif) 
Arg / R  Arginine His / H  Histidine 
Asp / D  Aspartic acid HRP HorseRadish Peroxidase 
ATP Adenosine TriPhosphate Hsp Heat shock protein 
ATPase Adenosine TriPhoshatase Ile / I  Isoleucine 
BAG Bcl2 Associated 

athanoGene 
IPTG IsoPropyl-D-

ThioGalactopyranosid 
C. elegans Caenorhabditis elegans ITS Internal Transcribed Spacer 
Cm Chloramphenicol JDP J-domain Protein 
cryo-EM  cryogenic Electron 

Microscopy 
k Kilo (103) 

CTD C-Terminal Domain KAc Potassium acetate 
CW Continuous Wave Kan  Kanamycin 
Cys / C cysteine KRR Lys Arg (motif) 
Da Dalton L Liter 
DAPI 4’,6-DiAmidino-2-Phenyl-

Indole 
LB Luria Bertani 

ddH2O double deionized water Leu / L Leucine 
DEER Double electron-electron 

resonance 
LiAc Lithium Acetate 

DIC Differential Interference 
Contrast 

LFPR Low Field Peak Ratio 

DMSO DiMethyl SulfOxid Lys / K lysine 
DNA DesoxyriboNucleic Acid m milli (10-3) 
DNase DesoxyriboNuclease M molar / mega (106) 
dNTP DesoxyriboNucleosid 

TriPhosphate 
MAP Methionine Amino-Peptidase 

DTT DiThioTreitol MD Middle Domain / Molecular 
Dynamic 

E. coli Escherichia coli min minutes / minimum 
e.g. for example ml milli liter 
ECL Enhanced 

ChemiLuminescence 
MOPS 3-MOrpholinoPropane-1-

Sulfonic acid 
EDTA EthyleneDiamine 

Tetraacetic Acid  
MMM Multiscale Modeling of 

Macromolecular systems 
EPR Electron Paramagnetic 

Resonance 
MTSL (1-Oxyl-2,2,5,5-

tetramethylpyrroline-3- 
methyl)methanethiosulfonate 

ER Endoplasmic Reticulum mRNA messenger RiboNucleic Acid 
ES Expansion Segment MS Mass Spectrometry 
et al.  lat. et alii (and others) MWCO Molecular Weight CutOff 
ETS External Transcribed 

Spacer 
n nano (10-9) 
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N2 Nitrogen RT Room Temperature 
NaAc  Sodium acetate S. cerevisiae / 

S. c.  
 

Saccharomyces cerevisiae 

NAC Nascent polypeptide-
Associated Complex 

SBD Substrate-Binding Domain 

NBD Nucleotide-Binding Domain SC Synthetic Complete 
NEF Nucleotide Exchange Factor SDS Sodium Dodecyl Sulfate 
NES Nuclear Export Sequence SDSL Site-Directed-Spin-Labeling 
Ni-IDA  Nickel-IminoDiacetic Acid SDS-PAGE Sodium Dodecyl Sulfate 

Polyacrylamide Gel 
Electrophoresis 

NLS Nuclear Localization Signal Sec /s  second/s 
NMR Nuclear Magnetic Resonance SEM Standard Error of the Mean 
ns  nano second/s Ser / S  Serine 
nt  nucleotide/s sHsp  small Heat Shock Protein 
OD Optical Density snoRNP  

 
small nucleolar 
RiboNucleoProtein 

PCR  Polymerase Chain Reaction SRP Signal Recognition Particle 
PDB Protein Data Base Ssa Stress seventy family A 
PDR Pleiotropic Drug Resistance w/v weight per volume 
PEG Polyethylene Glycol Ssb Stress seventy family B 
Pgk1 Phosphoglycerate kinase 1 TF Trigger Factor 
pH pondus Hydrogenii TORC1 Target Of Rapamycin 

Complex 1 
PMSF  PhenylMethylSulfonylFluorid Tris Tris(hydroxymethyl)-

aminomethane 
Pol Polymerase tRNA transfer RiboNucleic Acid 
PolyQ Poly glutamine (Q) UBA UBiquitin-Associated 

(domain) 
Pro / P Proline Ulp1 Ubiquitin like specific 

protease 1 
Proxyl 3-Maleimido-2,2,5,5-

tetramethyl-1-pyrrolidinyloxy 
UV Ultra Violet 

PTC PeptidylTransferase Center V Volt/s 
RAC Ribosome-Associated 

Complex 
v/v volume per volume 

RBF Ribosome Biogenesis Factor w/o without 
rDNA ribosomal DNA Wt Wild type 
rev reverse Ura Uracil 
RNA RiboNucleic Acid XL-MS Crosslinking Mass 

Spectrometry 
rpm rounds per minute yEGFP yeast Enhanced GFP 
r-protein ribosomal protein YPD Yeast extract Peptone 

Dextrose 
RRK Arg Arg Lys (motif) Zuo1 Zuotin 
rRNA ribosomal RiboNucleic Acid 4HB Four-Helix Bundle 
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6. Permissions for reproducing figures 

Figure 1 (Bassler and Hurt, 2018)  
Annual review of biochemistry. Reproduced with permission of ANNUAL REVIEWS in the format 

thesis/dissertation via Copyright Clearance Center. License ID: 71885840 

 
Figure 2 (Balchin et al., 2016) 

Science by American Association for the Advancement of Science. Reproduced with permission of 

AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE in the format thesis/dissertation via 
Copyright Clearance Center. License ID: 71885851 

 

Figure 3 (Kityk et al., 2017)  
Molecular Cell. Reproduced with permission of ELSEVIER LTD. in the format thesis/dissertation via 

Copyright Clearance Center. License ID: 4584681179578 

 
Figure 4 (Deuerling et al., 2019) 

Cold Spring Harbor Perspectives in Biology. Reproduced with permission of COLD SPRING HARBOR 

LABORATORY PRESS in the format thesis/dissertation. 

 
Figure 5 (Zhang et al., 2017)  

Nature structural & molecular biology. Reproduced with permission of NATURE PUBLISHING GROUP in the 

format thesis/dissertation via Copyright Clearance Center. License ID: 71885854 
 

Figure 6 (Craig and Marszalek, 2017)  

Trends in biochemical sciences by International Union of Biochemistry. Reproduced with permission of 
ELSEVIER LTD. in the format thesis/dissertation via Copyright Clearance Center. License ID: 71885858 

 

Figure 7 & 8 (Bordignon and Bleicken, 2018) 
Biochimica et Biophysica Acta (BBA) – Biomembranes. Reproduced with permission of ELSEVIER LTD. in 

the format thesis/dissertation via Copyright Clearance Center. License ID: 4577140528516 

 
Figure 9 C-E (Drescher, 2012)  
Topics in current chemistry. Reproduced with permission of SPRINGER-VERLAG in the format 

thesis/dissertation via Copyright Clearance Center. License ID: 71885861 
 

Figure 22 & 23 (Hanebuth et al., 2016)  

Nature communications. Reproduced with permission of NATURE PUBLISHING GROUP in the format 
thesis/dissertation via Copyright Clearance Center. License ID: 71885876 
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Abstract 
The eukaryotic ribosome-associated complex (RAC) plays a significant role in de novo protein 
folding. Its unique interaction with the ribosome, comprising contacts to both ribosomal subunits, 

suggests a RAC-mediated coordination between translation and initial protein folding. Here, we 

demonstrate how electron paramagnetic resonance (EPR) spectroscopy combined with site-

directed spin labeling can be successfully applied to study the structure, conformational dynamics 

and ribosome-binding sites of RAC, or other ribosome-associated factors, directly on the ribosome. 

We provide experimental proof for the existence of a four-helix bundle as well as a long α-helix in 

full-length RAC, in solution and on the ribosome. Moreover, a systematic spin-labeling site scan 
revealed a local interaction site between RAC and the small ribosomal subunit.  
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Main text  
Ribosome-tethered chaperones guide the initial folding of nascent protein chains into their 

functional conformation [1, 2]. One eukaryotic chaperone system comprises the ribosome-

associated complex (RAC) as conserved element [1]. In yeast, RAC is a stable heterodimer 
composed of the proteins Ssz1 and Zuo1 (Figure 1A) that acts as co-chaperone of Ssb. Stimulated 

by RAC, Ssb can bind a broad range of polypeptides to assist in co-translational folding [3, 4]. In 

RAC, solely Zuo1 contacts the ribosome and thereby spans both subunits (40S & 60S) via a 

predicted long a-helix, referred to as middle domain (MD; Figure 1A) [5]. At the 60S subunit Zuo1’s 

N-terminal domain (Ssz1 binding), the J-domain (stimulation of Ssb) and the Zou1 homology 

domain (ZHD; ribosome binding) can be found. At the small ribosomal subunit (40S) Zuo1’s C-
terminal region interacts with ES12, a eukaryotic expansion segment of helix 44 (H44) of the 18S 

rRNA (Figure 1A), which reaches to the decoding center of the ribosome [5, 6]. Thus, RAC indirectly 

connects two important functional sites on the ribosome: the decoding center and the tunnel exit, 

indicating that RAC might coordinate between translation and co-translational protein folding [5-7]. 

In Zuo1 a patch of positively charged residues in the C-terminal part of the MD and the first helix of 

a C-terminal four-helix bundle (4HB) contribute to the interaction with ES12 [5, 6]. A modeled a-

helix as MD and an NMR structure [8] of the 4HB were recently fitted into a cryo-EM density of 

RAC-ribosome complex [5].  

However, whether the structure of the 4HB is correct in the context of the full-length protein and 

when RAC is bound to the ribosome is unclear. Moreover, experimental evidence for the existence 

of the long a-helix (MD) of Zuo1 is missing. In this study, we used electron paramagnetic resonance 

(EPR) spectroscopy combined with site-directed spin labeling (SDSL) to analyze Zuo1’s C-terminal 

region with its functional important contact to the ribosome. We first performed electron-electron 

resonance (DEER) distance measurements to study the structure of Zuo1’s C-terminus in solution 

and on the ribosome followed by continuous wave (CW) mobility measurements to position the 

region on the ribosome. Furthermore, we show for the first time the applicability of EPR 

spectroscopy to study the structure and function of RAC or other factors directly on the ribosome.  

 
Zuo1 was marked with the nitroxide spin label Proxyl, which can be covalently attached to the 

sulfhydryl group of cysteines. For a strategic cysteine placement, we built a model combining 

available structural fragments of Zuo1: the crystal structure of the ZHD [6] and the NMR structure 

of the 4HB [8] connected by a modeled a-helix as MD (Figure S1). An overview of all RAC variants 

used for CW and DEER measurements are listed in Table 1. Thereby RAC variants are named by 
their cysteines (labeling sites) in Zuo1, e.g., the RAC variant with Ssz1 C81S C86S; Zuo1 C167S 

K351C is referred to as RAC K351C.  
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Table 1. RAC variants used for EPR spectroscopy. The RAC variants are named by the relevant amino acid substitution in 

Zuo1 (in bold). The introduced cysteines (labeling sites) are located either in Zuo1’s middle domain (MD) or in the four-helix 

bundle (4HB). The applied EPR spectroscopic method is indicated as CW (continuous wave) for mobility measurements or 

DEER (double electron-electron resonance) for distance measurements.  

 

Name Substitutions Location of cysteines EPR method 

RAC K351C Ssz1 C81S C86S 
Zuo1 C167S K351C 4HB: helix 1 CW 

RAC K363C Ssz1 C81S C86S 
Zuo1 C167S K363C 4HB: helix 1 CW 

RAC KR_PP K351C Ssz1 C81S C86S 
Zuo1 C167S K351C K355P R395P 4HB: helix 1 CW 

RAC KR_PP K363C Ssz1 C81S C86S 
Zuo1 C167S K355P R395P K363C 4HB: helix 1 CW 

RAC K351C S328C Ssz1 C81S C86S 
Zuo1 C167S S328C K351C 

MD 
4HB: helix 1 DEER 

RAC K351C S335C Ssz1 C81S C86S 
Zuo1 C167S S335C K351C 

MD; 
4HB: helix 1 DEER 

RAC K351C K337C Ssz1 C81S C86S 
Zuo1 C167S K337C K351C 

MD 
4HB: helix 1 DEER 

RAC K351C K363C Ssz1 C81S C86S 
Zuo1 C167S K351C K363C 4HB: helix 1 DEER 

RAC K351C S395C Ssz1 C81S C86S 
Zuo1 C167S K351C S395C 4HB: helix 1 & helix 3 DEER 

RAC K351C T417C Ssz1 C81S C86S 
Zuo1 C167S K351C T417C 4HB: helix 1 & helix 4 DEER 

RAC K363C S387C Ssz1 C81S C86S 
Zuo1 C167S K363C S387C 4HB: helix 1 & helix 2 DEER 

RAC K363C S395C Ssz1 C81S C86S 
Zuo1 C167S K363C S395C 4HB: helix 1 & helix 3 DEER 

RAC K363C T417C Ssz1 C81S C86S 
Zuo1 C167S K363C T417C 4HB: helix 1 & helix 4 DEER 

RAC KR_PP K351C 
K363C 

Ssz1 C81S C86S 
Zuo1 C167S K351C K355P 

R395P K363C 
4HB: helix 1 DEER 

 

Prior to the cloning and purification of RAC variants, we excluded that cysteine mutations affect the 

secondary structure or stability of Zuo1 by molecular dynamics simulations and in vitro stability tests 

(Figure S2 and S3). A yeast growth assay revealed that all RAC variants are functional in vivo and 

able to complement the known growth defect [9, 10] of the RACΔ (ssz1Δ zuo1Δ) strain, even during 
translational stress (Figure S4). Ribosome binding was not (RAC K363C: 103%) or only slightly 

affected (RAC K351C: 88%) for the single cysteine variants, whereas some combinations of two 

amino acid replacements resulted in reduced binding, e.g., for RAC K351C K337C (Figure S5A). 

However, EPR spectroscopy is a very sensitive method that reports on all structural states we 

expect to detect differences also in an inhomogeneous sample. 

 

For intra-molecular distance measurements in Zuo1’s C-terminal region, we engineered RAC 

variants with two cysteines: one reference cysteine was placed in helix 1 (K351C or K363C) and a 
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second cysteine in helix 2-4 of the 4HB or MD (Figure 1B,C; Table 1). Expected distance 

distributions were calculated with the open-source software MMM [11] and were based on 

structures obtained in two independent MD simulations. 

 
Figure 1. Labeling sites in RAC. (A) RAC’s interaction with the ribosome. (B) Domain organization of Zuo1: The N-terminal 

domain (ND) interacts with Ssz1, the J-domain (JD) stimulates Ssb, the Zuo1 homology domain (ZHD) binds to the 60S 

ribosomal subunit, the middle domain (MD) spans the two ribosomal subunits and the C-terminal four-helix bundle (4HB) is 

in contact to ES12, a eukaryotic expansion of H44. Labeling positions (cysteine substitutions) are indicated. (C) Close-up 

view on Zuo1’s C-terminal region. Colored amino acids depict positions used for labeling.  

 

The determined distance distributions in the absence of ribosomes (Figure 2; blue lines) are 

comparable to the predictions (pink lines). For RAC bound to ribosomes, the distance distributions 

do not change as the background-corrected DEER traces (form factors) of RAC +/- ribosomes 

(yellow/blue) can be superimposed (Figure 3). These measurements were conducted with empty 

ribosomes, presumably lacking a nascent polypeptide but as the situation may differ during 

translation, we repeated two experiments with ribosomes in the translational state (see method 
section). However, the obtained form factors for RAC K351C S328C (MD) and RAC K351C T417C 

(helix 1-helix 4) are similar to those with empty ribosomes (Figure S6).  
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Figure 2. Distance distributions P(R) of RAC w/o ribosomes (blue lines). The data were obtained by background correction 

with the use of DEERNet [12] and Tikhonov regularization. Shaded areas represent validation of data postprocessing (light 

blue) or standard deviation of clustered structures from two independent simulations (light magenta). RAC was labeled at 

(A) two sites within helix 1 of Zuo1’s 4HB, (B) one site in helix 1 and a second site in helix 2-4, or (C) one site in helix 1 and 

a second site in the MD. 

 

Since our experimental data fit the predictions based on the model, we verified the existence of the 

long a-helix as MD and the 4HB in full-length RAC in solution as well as on the ribosome. The a-

helical structure of MD was predicted by its sequence but not yet experimentally determined as 

crystallization of this region seems to be challenging [13]. and for the 4HB only fragment structures 

were available [8, 13]. Furthermore, data from the DEER distance measurements in RAC showed 
that there were no large conformational rearrangements of the helices in the 4HB relative to each 

other as well as no changes in the position of the MD relative to the helix bundle upon ribosome 

binding. Thus, the data suggest a certain degree of rigidity for the whole C-terminal region. The 

control experiments with more active ribosomes indicated that this might be also true for translating 

ribosomes.  

 

 
 
Figure 3. DEER traces of RAC do not differ w/ and w/o ribosomes. Similar form factors F(t) = V(t)/B(t) (dotted) and 

corresponding Tikhonov regularization fits (line) of Proxyl-labeled RAC variants in solution (blue) or complexed with 

ribosomes (yellow) indicate that RAC preserves its conformation upon ribosome binding. RAC was labeled at (A) two sites 

within helix 1 of Zuo1’s 4HB, (B) one site in helix 1 and a second site in helix 2-4, or (C) one site in helix 1 and a second site 

in the MD. 

 

Next, we focused on the relative orientation of Zuo1’s C-terminal region to the ribosome. A 

restriction in the rotational freedom of the attached label will thereby report on local ribosome 

binding. Figure 4A,B shows the spectra of the Proxyl-labeled RAC variants K351C and K363C, both 

are located in helix 1 of Zuo1’s 4HB. Interestingly, RAC K351C-Proxyl strongly responded to 
ribosome binding, whereas for RAC K363C-Proxyl only minor changes were observable. In the 
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spectrum of RAC K351C-Proxyl + ribosomes (Figure 4A, yellow spectrum) the low- and high-

magnetic-field peaks are shifted away from the central peak, indicating slower rotational mobility of 

the label. To parameterize these changes without the need for a full spectral simulation, we decided 

to perform a low field peak analysis. Therefore, we built the ratio of the signal intensity at magnetic 
field position 3404.6 G and 3414.8 G. This low field ratio (LFPR) reported on changes at these 

spectral points upon ribosome binding (for details see methods section) The ratios were normalized 

to the respective spectra without ribosomes (Figure 4C). The visible differences of the spectra of 

RAC K351C-Proxyl +/- ribosomes (Figure 4A) corresponded to a drastic change in the LFPR 

(Figure 4C, orange bar). 

 
Figure 4. CW spectra of RAC labeled in helix 1 of Zuo1’s 4HB. Shown are the spectra of (A) RAC K351C-Proxyl, (B) RAC 

K363C-Proxyl and (D+E) the respective variants with two prolines (KR_PP) in the absence (blue) or presence of ribosomes 

(yellow) or ES12Δ10 ribosomes (green). Black lines highlight significant spectral features as represented by low field peaks 

at 3404.6 G and 3414.8 G. (C+F) The intensity ratio at the position of the two low-field peaks (low field peak ratio, LFPR) 

was calculated for spectra with ribosomes and normalized to the respective ratio in the absence of ribosomes. Error bars 

indicate the noise – low field peak signal – ratio. 

 

To prove that the strong effect observed for RAC K351C-Proxyl derived from ribosome binding we 

applied two different strategies to prevent the local interaction with the ribosome. First, we used 

ribosomes lacking 10 terminal bases in ES12 [6] (referred to as ES12∆10). The in vitro binding 

ability of RAC K351C to ES12∆10 ribosomes was reduced to 2% (Figure S5B). Hampered ribosome 

binding was also visible in the CW spectra: In the spectrum of RAC K351C-Proxyl + ES12∆10 
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ribosomes (Figure 4D, green spectrum) the low and high magnetic field peaks shifted back towards 

the central peak compared to the spectrum with wt ribosomes (Figure 4D, yellow spectrum). 

Qualitatively, the spectrum resembled the spectrum of K351C-Proxyl in buffer (blue spectrum), 

which was consistent with a reduced ratio in the low field peak analysis (Figure 4C; green bar). 
Since the spectrum of RAC K363C-Proxyl is less affected by ribosomes, the effect of ES12∆10 

ribosomes is also smaller compared to the K351C-Proxyl variant (Figure 4B,C)  

In the second approach, we disrupted the RAC-ribosome interaction via mutations in Zuo1, by a 

proline-induced unfolding of the 4HB [8]. The RAC variant RAC KR_PP K351C K363C (see Table 

1) with two prolines in helix 1 of the 4HB, showed a fast strong and irreversible unfolding of the 

helix 1 during two independent 1000 ns molecular dynamics simulations (Figure S7A). To verify the 

unfolding experimentally, we determined the length between the flanking labeling sites K351C and 

K363C by DEER (Figure S7B,C). Compared to RAC K351C K363C the distance distribution of RAC 
KR_PP K351C K363C is broader and did not display a distinct peak, indicating a mixture of different 

structures due to the disrupted secondary structure (Figure 7C). For RAC KR_PP K351C the 

binding capability was lowered to 17% and for RAC KR_PP K363C to 26% (17% and 26%; Figure 

S5A). This residual binding was further reduced (-1% and 1%) when combined with ES12∆10 

ribosomes (Figure S5B). The overall appearance of the CW spectra of RAC KR_PP K351C-Proxyl 

and RAC KR_PP K363C-Proxyl was not affected by wt or ES12∆10 ribosomes, demonstrating that 

the mere presence of ribosomes has almost no influence on the spectral shape. 

Collectively, it was shown that the slower rotational mobility in RAC K351C-Proxyl + 80S ribosomes 
is due to local ribosome binding at this position. This represents the proof of principle that CW EPR 

spectroscopy can be successfully applied to detect local ribosome binding sites in RAC. 

Furthermore, the identified interaction site K351 is a reference for further measurements. A recent 

study found that the substitution of the neighboring lysine (K352) to alanine already resulted in a 

reduced ribosome binding ability in vivo. This effect was further enhanced by the combination of 

three lysine substitutions in Zuo1’s C-terminal region [6]. These findings demonstrate that the 

binding ability of cysteine variants in SDSL approaches should be strictly controlled. On the other 
hand, a big advantage of the technique is its high sensitivity. In the current study, it was sensitive 

enough to allow the identification of a binding site that cannot be detected in rough binding assays 

(RAC K351C). In contrast, RAC labeled at position K363C-Proxyl, located in the same helix, was 

only mildly affected by ribosome binding, demonstrating the high local resolution of the method. 

 

By this study we demonstrated for the first time that EPR spectroscopy is well suited to analyze the 

structure, conformational changes and binding sites of ribosome-associated factors directly at the 

ribosome. In contrast to other methods, EPR spectroscopy is not limited by size, flexibility or 
complexity of the system [14] and therefore ideal for studying the functional interplay between the 

heterodimeric RAC (107 kDa) and the 3.3 MDa large ribosome [15]. With lysine 351 as an 

established reference, CW mobility measurements can be applied to other domains in RAC and 

Ssb to address open questions. For example, the method could be used to gain insights into the 

Zuo1 - Ssb interaction on the ribosome. Moreover, distance measurements can give information of 
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potential signal transduction of RAC during translation or support the structure determination in 

regions of Zuo1 that were not accessible by X-ray crystallography [6, 13]. Finally, recent progress 

in vivo EPR spectroscopy with genetically encoded spin labels may also allow performing in vivo 

EPR measurements on translating ribosomes in the future [16-19]. 
 

Supplementary Information  
Figure S1 

 
 

Figure S1. Ribbon representation of the yeast 80S ribosome [20] (PDB 4V88) with parts of Zuo1. The crystal structure of 

the ZHD [6] (PDB 5DJE) and the NMR structure [8] (PDB 2LWX) of the 4HB are connected by a modeled long α-helix as 

MD and assigned to the ribosome based on current knowledge. Labeling positions are colored as in Figure 1C. 

 

Figure S2 

 
Figure S2. Stability of the structural models combining either all cysteines in the 4HB (A) or all cysteines in the MD + helix 

1 of 4HB (B) in molecular dynamics simulations. Cartoon representation of the starting and end structures of the simulation 

with depicted cysteine mutations. The lower panels show the timeline of the secondary structure. The conservation of the 
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secondary structure elements, especially the helical parts, together with the side-to-side representation of the starting and 

final conformations demonstrate the stability of the structural models over the simulation time. Both models behaved similarly 

in a second independent simulation (data not shown). 

 

Figure S3 

 
 
Figure S3. Protein stability test with purified RAC variants. RAC was incubated for 0 h or 16 h at room temperature (RT) 

and loaded (2 µg) on to an SDS-PAGE. Shown are Coomassie-stained gels. The two RAC variants (RAC K351C and 

K363C) used for RT CW EPR spectroscopy remained stable over time. The double cysteine variants RAC K351C S395C 

and RAC K351C K337C showed minor degradation, indicated by the appearance of additional bands after 16 h at RT. 
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Figure S4 

 
 
Figure S4. Yeast growth assay to test in vivo functional integrity of RAC variants. Wt or RAC∆ (ssz1∆ zuo1∆) cells were 

transformed with either empty vectors (e.v.; negative control), vectors encoding for RAC (SSZ1; ZUO1; positive control) or 

RAC variants (Table 1). Overnight cultures were adjusted to OD600 = 0.4 and spotted on agar plates in fivefold serial dilutions. 

Indicated plates contained the translation inhibitory drugs Hygromycin B or L-Canavanine. All plates were incubated at 30 

°C for two or three days. Shown are representative plates from at least three biological replicates. 
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Figure S5 

  
 
Figure S5. In vitro ribosome binding ability of RAC variants. Shown are the quantification and original blots with (A) wt 

ribosomes or (B) ES12∆10 ribosomes, lacking 10 terminal bases in ES12 [6]. ). Purified RAC variants were mixed with 80S 

ribosomes and incubated for 30 min at 30 °C. RAC-ribosome complexes were separated from unbound RAC by 

ultracentrifugation. The ribosome-containing pellet was analyzed by SDS-PAGE followed by western blotting. The 

Ponceau S-stained membranes were used for quantification. The signal intensity of RAC (Ssz1 & Zuo1) was set in relation 

to first ribosomal protein band (→) below RAC (internal loading control) and corrected for background ratio. The ratio for wt 

RAC was set to 100%. Error bars represent SEM of at least three independent experiments. The presence of RAC was 

verified with an antibody against Zuo1 and the presence of ribosomes by an antibody against uL22. In vitro ribosome-binding 

ability of RAC variants.  
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Figure S6 

 
Figure S6. Form factors F(t)/F(0) are similar for RAC incubated with either vacant (yellow) or presumably more active 

ribosomes (green). In the standard procedure, ribosomes were treated with puromycin to release polypeptide, whereas in 

an adapted protocol we aimed to purify ribosomes with nascent chain by the abandonment of puromycin and the subsequent 

collection of the actively translating polysome fraction. Illustrated are the measurements of RAC K351C S328C (helix 1 – 

MD) and RAC K351C T417C (helix 1 – helix 4 in 4HB).  

 
Figure S7 
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Figure S7. DEER distance measurements proved the proline-induced unfolding of helix 1 in Zuo1's 4HB. (A) Unfolding of 

helix 1 in the RAC variant RAC KR_PP K351C K363C. Cartoon representation of the starting and end structures of the 

simulation with depicted cysteine and proline mutations. The lower panel shows the timeline of the secondary structure. 

During the simulation, helix 1 unfolds rapidly up to the second proline mutation (R359P). (B) Background corrected 

(DEERNet) form factors F(t) = V(t)/B(t) (dots) and corresponding Tikhonov regularization fits (lines) for Proxyl-labeled RAC 

K351C K363C (blue) and RAC KR_PP K351C K363C (green). (C) Distance distributions P(R) obtained from (B) by Tikhonov 

regularization and corresponding simulations (light blue for RAC K351C K363C, light green for RAC KR_PP K351C K363C). 

Shaded areas represent validation of data postprocessing or standard deviation of clustered structures from two independent 

molecular dynamics simulations. 

 
Table S1. Plasmids used in this study. 

Plasmid Description Reference 

pNOY373 ES12∆10 LEU2 yeast 2-micron plasmid carrying a single copy of rDNA 

repeat under control of its native promoter; 10 bases deleted in 
ES12 (18S rRNA) 

 [6] 

pRS315 LEU2 yeast centromeric vector  [21] 

pRS316 URA3 yeast centromeric vector  [21] 

pRS315 Ssz1 pRS315 carrying SSZ1 under control of its native promoter This study 

pRS315 Ssz1 C81S 

C86S 

pRS315 Ssz1 with C81 and C86 substituted to serine This study 

pRS316 Zuo1 pRS316 carrying ZUO1 under control of its native promoter  [22] 

pRS316 Zuo1 C167S pRS316 Zuo1 with C167 substituted to serine; basic plasmid 

for respective cysteine variants of Zuo1 (see Table 1)  

This study  

pSUMO Ssz1 C81S 
C86S Zuo1 C167S 

E. coli expression plasmid with SUMO-His6-Ssz1 C81S C86S 
Zuo1 C167S construct under control of T7-promoter; basic 

plasmid for respective cysteine variants of Zuo1 (see Table 1) 

This study 

 
Material & Methods 
Strains, plasmids and growth conditions 
Yeast strains used in this study are BY4741 (MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0) and BY4741 ssz1∆, 
zuo1∆ (RAC∆). ES12∆10 80S ribosomes were purified from strain KAY488, which lacks ~150 chromosomal 
rDNA repeats and expresses the plasmid pNOY373 ES12∆10 [6]. Plasmids are listed in Supplementary Table 
1. Replacement and introduction of cysteine codons in SSZ1 and ZUO1 were performed according to the 
guidelines of the Q5® Site-Directed Mutagenesis Kit (NEB) or by a Fusion-PCR strategy introducing the 
mutation site via overlapping primers.  
Unless otherwise indicated, yeast cells were grown in rich medium (YPD) or defined synthetic complete (SC) 
media (6.7 g/L Bacto-Yeast Nitrogen Base w/o amino acids, 2 g amino acid mix, 2% (w/v) dextrose) at 30 °C. 
For growth analysis, BY4741 or RAC∆ cells were transformed with yeast plasmids (Supplementary Table 1). 
Exponentially growing cultures of transformants were diluted to OD600 = 0.4, spotted in fivefold serial dilutions 
on SC plates w/o leucine and uracil and incubated at 30 °C for 2 or 3 days. Plates supplemented with 
translation inhibitory drugs contained 25 μg/ml Hygromycin B or 0.75 μg/ml L-Canavanine (medium w/o 
arginine), respectively.  
 
Protein expression and purification 
For recombinant expression and purification of RAC Escherichia coli BL21 (DE3)*/pRARE cells were 
transformed with a variant of His6-SUMO-SSZ1-ZUO1 (Table1 and Supplementary Table 1). Cells were grown 
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in liquid culture to an OD600 = 0.6 at 30 °C and expression of RAC was induced with 0.5 mM IPTG for 3 h at 
30 °C. Cells were harvested, resuspended in lysis buffer (40 mM HEPES pH 7.4, 1 M KAc, 5% (v/v) Glycerol, 
2 mM β-Mercaptoethanol, 1 mM PMSF, 1 mM EDTA, protease inhibitors, DNase I) and lysed by French Press. 
Lysates were cleared by centrifugation (18,000 xg, 30 min), supernatant treated with 10 mM MgCl2 to complex 
residual EDTA and finally applied to Ni-IDA resin (Protino; Mascherey-Nagel) for 30 min at 4 °C. The matrix 
was alternately washed twice with low salt buffer (40 mM HEPES pH 7.4, 100 mM KAc, 5 mM MgCl2, 5% (v/v) 
Glycerol, 2 mM β-Mercaptoethanol), high salt buffer (like low salt with 1 M KAc) and low salt buffer respectively. 
Finally, the His6-SUMO-Ssz1–Zuo1 complex was eluted in elution buffer (low salt buffer with 300 mM 
Imidazole). Elution fractions were mixed with Ulp1 protease (5 μg/mg total protein) to remove His6-SUMO and 
dialyzed against RAC buffer (low salt buffer without β-Mercaptoethanol) for 3 h. As a second purification step 
RAC was applied to an anion exchange column (ResourceQ, GE Healthcare). All chromatogram peaks were 
analyzed by SDS-PAGE and RAC containing fractions were pooled and dialyzed against RAC buffer. In a last 
purification step RAC was purified by size exclusion chromatography through a HiLoad Superdex 200 (GE 
Healthcare) column equilibrated with RAC buffer. Purity was verified by SDS-PAGE and fractions containing 
highly pure RAC were pooled, flash frozen and stored at -80 °C. 
To test stability of purified RAC variants, protein samples were incubated for 0 h and 16 h at room temperature 
and subsequently analyzed in Coomassie Blue-stained SDS-PAGE (2 µg per sample loaded).  
 
Purification of 80S ribosomes 
Yeast 80S ribosomes were either purified from BY4741 or KAY488 + pNOY373 ES12∆10. To obtain ribosomes 
free of endogenous RAC the protocol includes a mild salt-wash step with 150 mM KCl. 12 L culture were grown 
to OD600 = 0.8, harvested and pellets flash frozen in liquid nitrogen. Cells were opened in a pre-cooled Retch 
Mill MM400 (30 Hz for 60 s) and powder was resuspended in Lysis Buffer (50 mM HEPES pH 7.4, 300 mM 
NaCl, 6 mM MgCl2, 0.5% (v/v) Nonidet-P40, 2 mM DTT, 1x Tm complete protease inhibitor cocktail (Roche), 
1 mM PMSF). Cellular debris was removed by centrifugation (16,000 xg, 30 min, 4 °C), lysates applied to a 
60% (w/v) sucrose cushion (50 mM HEPES pH 7.4, 50 mM KCl, 10 mM MgCl2, 5 mM EDTA, 0.5x Tm complete 
protease inhibitor cocktail (Roche)) and centrifuged for 20 h at 184,000 xg (45,000 rpm) at 4 °C in a Ti50.2 
rotor (Beckmann coulter). Ribosomal pellets were resuspended in resuspension buffer (50 mM HEPES pH 
7.4, 150 mM KCl, 6 mM MgCl2, 1 mM DTT, 6.8% (w/v) sucrose) by shaking (150 rpm) on ice for 3 h. The 
crude ribosomal extract was then treated with 1 mM Puromycin (InvivoGen) for 30 min at RT to release nascent 
chains and afterward centrifuged for 20 min at 20,000 xg at 4 °C. The ribosomal subunits were separated on 
15-45% (w/v) sucrose gradients (50 mM HEPES pH 7.4, 150 mM KCl, 2 mM MgCl2, 1 mM DTT), centrifuged 
at 17,500 rpm and 4 °C for 17 h (SW28-rotor, Beckmann Coulter). The 80S containing fractions were collected 
and buffer exchanged to RAC buffer (40 mM HEPES pH 7.4, 100 mM KAc, 5 mM MgCl2) in 100,000 kDa 
MWCO centrifugal filters (Amicon Ultra-4, Millipore). Aliquots of 20 µl ribosomes were flash frozen and stored 
at -80 °C. 
To purify ribosomes that may still carry the nascent chain we adapted the protocol as follows: Faster harvest 
by vacuum filtration, no treatment with Puromycin and collection of only the polysome fraction (translating 
ribosomes). 
 
 In vitro ribosome-binding assays  
To test the ribosome-binding ability of the RAC variants, 1 µg 80S ribosomes (wt or ES12∆10) were mixed 
with 0.8 µg RAC and incubated for 30 min at 30 °C to allow the formation of RAC-ribosome complexes. 
Unbound RAC was removed via centrifugation through a 25% (w/v) sucrose cushion at 200,000 xg (S140-AT 
rotor) for 90 min. The ribosome-containing pellet was resuspended in RAC buffer (40 mM HEPES pH 7.4, 100 
mM KAc, 5 mM MgCl2). Samples were separated by SDS-PAGE, wet blotted on nitrocellulose membranes 
(GE Healthcare) and stained by Ponceau S. The stained membrane was used for quantification. The signal 
intensity of RAC (Szz1 + Zuo1 signal) was determined by Fiji and divided by the signal intensity of the 
ribosomal protein band below RAC (internal loading reference). For background correction, the respective ratio 
of the ribosome sample (80S ribosomes w/o RAC) was subtracted. The ratio for wt RAC bound to wt 80S 
ribosomes was set to 100%. Error bars represent standard error of the mean (SEM) of at least three 
independent experiments.  
Zuo1 and uL22 (Rpl17A) were detected by immuno-staining with polyclonal antibodies [23]. Primary antibodies 
were detected by HRP-coupled secondary antibodies (711-035-152, Dianova) and visualized with the Fusion 
SL (PEQLAB) imaging system.  
 
Sample preparation for EPR spectroscopy 
For EPR spectroscopy purified RAC-variants carrying a single or two cysteines were labeled with the nitroxide 
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spin label Proxyl (3-Maleimido-2,2,5,5-tetramethyl-1-pyrrolidinyloxy, Sigma-Aldrich). Prior labeling cysteines 
were reduced with a six-fold molar excess of DTT over SH-groups for 30 min at 4 °C. DTT was removed by a 
desalting column (Zeba spin, Thermo Fisher), followed by the immediate addition of a six-fold molar excess of 
spin label. The samples were labeled for 2 h or overnight at 4 °C. Unbound label was removed in two 
consecutive desalting steps via desalting columns (Zeba spin, Thermo Fisher), equilibrated with RAC buffer 
(40 mM HEPES pH 7.4, 100 mM KAc, 5 mM MgCl2). Samples were concentrated to 50-190 µM using 
centrifugal filters (Amicon Ultra, MWCO 30 kDa, Millipore). To obtain RAC-ribosome complexes, labeled RAC 
was incubated with a 20% molar excess of purified yeast 80S ribosomes for 30 min at 30 °C. 
 
X-band continuous wave (CW) EPR spectroscopy  
CW EPR spectroscopy was performed with singly labeled RAC at X-band (9.645 GHz) frequency in aqueous 
solution (RAC buffer: 40 mM HEPES pH 7.4, 100 mM KAc, 5 mM MgCl2) at room temperature. Measurement 
parameters were adjusted such that the spectral line shape was not distorted by overmodulation or saturation 
effects. Typical settings on the used EMXnano benchtop spectrometer (Bruker Biospin) were a power of 3.162 
mW, a modulation amplitude of 0.8 G at a modulation frequency of 100 kHz. Samples were loaded into glass 
capillaries with 1 mm inner diameter. Spectra were corrected according to the microwave frequency and 
normalized to the center field peak. The intensity low field peak ratio (LFPR) = I (3415.3 G) / I (3404.6 G) was 
calculated. LFPR were normalized to the LFPR of the protein spectrum in solution for each RAC variant. Error 
bars indicate the noise – low field peak ratio. Since concentration and thus signal-to-noise ratios were worse 
for spectra in presence of ribosomes, they were Savitzky–Golay filtered with an order of 2 and a frame of 101 
for better illustration. 
 
Q-Band double electron-electron resonance (DEER) spectroscopy 
For DEER experiments samples (with 20% (v/v) glycerol-d8) were loaded into quartz tubes with 2 mm inner 
diameter and shock frozen in liquid nitrogen before measurement. The experiments were performed using an 
ELEXSYS E580 spectrometer equipped with a Q-band resonator (ER5106QT-2, Bruker Biospin) and a 150 W 
traveling-wave tube (TWT) amplifier (Applied Systems Engineering, Fort Worth, USA). Samples were held on 
cryogenic temperatures (50 K) with the EPR Flexline helium recirculation system (CE-FLEX-4K-0110, Bruker 
Biospin, ColdEdge Technologies) comprising a cold head (expander, SRDK-408D2) and a F-70H compressor 
(both SHI cryogenics, Tokyo, Japan), controlled by an Oxford Instruments Mercury ITC.  
The DEER experiment was performed using a four-pulse sequence (π/2obs – τ1 – πobs – t‘ – πpump – (τ1 + τ2 - t‘) 
– π obs – τ2 – Echo). The echo amplitude was recorded as a function of the dipolar evolutions time t. The pump 
and observer pulses were positioned on the global maximum and close to the most intense local maximum 
(shifted by 70 MHz) of the spectrum, respectively. The pump and observer pulse length were adjusted for each 
sample individually to obtain a flip angle of 𝜋 for the pump and 𝜋/2 and π for die observer pulse. The pulse 
separation time τ1 was 400 ns and the dipolar evolution time τ2 was 4000 ns. Typical pump pulses were in the 
range of 13 and 24 ns, observer pulses were 24 to 35 ns. An eight-step phase cycle was used. A complete 
DEER experiment was performed as a 2D experiment, where one dimension was the time axis and the second 
dimension the axis of individual scans. The scans were subjected to phase correction individually and 
subsequently summarized.  
DEER data sets were analyzed using the DeerAnalysis 2018 software package for MATLAB [24]. Extraction 
of the dipolar evolution function was achieved by background correction with the generic four network 
ensemble DEERNet [12] followed by model-free Tikhonov regularization. The optimum regularization 
parameter α was determined using the L-curve corner criterion. Tikhonov validation was performed with an 
ensemble of reconstructed background models from DEERNet combined with 5 noise realizations each with 
the help of the validation tool of the DeerAnalysis 2018 software. All resulting distance distributions P(r) are 
normalized such that ∫(𝑟) = 1. Shaded areas represent Tikhonov validation. 
 
Molecular dynamic simulations  
Model generation 
The structural models of the four-helix bundle mutants are based on the NMR structure [8] (PDB 2LWX). For 
the extended model of 4HB including the MD part of Zuo1, the helical part was extended with the comparative 
modeling software MODELER [25] by combining an ideal helix for the MD extension with the NMR structure 
of 4HB as templates for the final model. To introduce the cysteine and proline point mutations we used chimera, 
where the most probable side chain rotamer of cysteine is replacing the previous amino acid. 
For a strategic cysteine placement we extended the model further with MODELLER by the crystal structure of 
the Zuo1 homology domain (ZHD) [6] (PDB 5DJE) and placed all 4HB-MD and ZHD with respect to the 
ribosome structure [26] (PDB 3J78) in the orientation described by Lee et al. [27]  
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Molecular dynamic 
All molecular dynamics simulations were obtained by GROMACS version 2016.3 [28], [29] using the 
CHARMM36m [30], [31] force field together with the tip3p [32] water model. CHARMM-GUI [33-35] was used 
to prepare the starting structures. The simulation box was set to dodecahedron shape and defined in such a 
way that the minimum distance of the structure and the box was at least 1.5 nm. Subsequently, the protein 
was solvated with water and neutralized by sodium chloride. Two independent simulations have been 
performed for each structural model. 
Following simulation, settings have been applied. The Leap frog integrator was utilized together with all bonds 
being constrained by the LINCS algorithm [36] in order to enable a time-step of 2 fs. Long range coulomb 
interactions were calculated by particle mesh Ewald (PME) [37] method with a cutoff of 1.2 nm. A modified 
cutoff scheme for short-ranged electrostatic and Lenard Jones interactions of 1.2 nm, where a switching 
function is applied to smoothly approach the cutoff between 1.0 and 1.2 nm, was used. The neighbor list was 
updated every 20 steps. Initially, all systems were energy minimized with a steepest-descent algorithm for 
5000 steps. In the next step, an equilibration simulation followed (25 ps) in a canonical (NVT) ensemble was 
carried out where heavy atoms have been position restrained. The actual production simulations (1000 ns) 
were carried out in an isobaric-isothermal (NPT) ensemble without position restraints. The temperature was 
maintained at 298 K by the Nose-Hoover [38, 39] algorithm with a period of the temperature fluctuations at 
equilibrium set to 1 ps. Constant pressure was maintained at 1 atm using isotropic Parrinello-Rahman pressure 
coupling [40] with a pressure relaxation time of 5 ps.  
 
Cluster analysis and MMM calculations 
In order to get representative structures for DEER spectra simulations with the MMM [11] package, a cluster 
analysis was performed for the simulations of the structural models. We used the gromos clustering method 
[41] with a cutoff of 0.15 nm for the root mean square deviation (RMSD) of the α-carbon atoms in the case of 
the 4HB model and 0.2 nm for the proline mutant and the extended 4HB-MD model. For every simulation, the 
cluster analysis was based on 1000 frames. The obtained cluster centers from clusters with more than 50 
members have been subsequently processed with MMM to simulate the DEER distance distributions. In the 
next step, the calculated DEER distance distributions have been averaged for every structural model with 
weights corresponding to the cluster size.  
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Abstract  
The yeast Hsp70 chaperone Ssb binds to translating ribosomes to assist de novo protein folding in 
the cytosol. Likewise, it seems to play an additional role during the assembly of ribosomal particles. 
How these different functions are coordinated and how Ssb acts in ribosome biogenesis remains 
elusive. Here, we show that a fraction of Ssb constantly localizes to the nucleus. Nuclear Ssb binds 
to proteins involved in ribosome assembly, architecture and function thereby supporting early 
assembly of pre-ribosomal complexes. Correspondingly, strong defects in nucleolar 35S rRNA 
processing are observed in the absence of Ssb. In addition, nuclear Ssb associates directly with 
ribosomal precursor complexes and cross-links to Rpl31 (eL31) and Rpl3 (uL3) close to the 
ribosomal tunnel exit, suggesting a remodeling function of Ssb at this region during ribosome 
maturation. Importantly, cells with depleted levels of cytosolic Ssb showed regular ribosome 
biogenesis but impaired translation and growth rates emphasizing different functions in different 
cellular compartments. We conclude that the subcellular localization of Ssb determines its 
functional plasticity with the nuclear form contributing to ribosome biogenesis, while the cytoplasmic 
one stimulates translation by ensuring productive nascent chain handling. 
 
Keywords: ribosome biogenesis, chaperone, nucleus, translation 
 
Introduction 
The generation and maintenance of a functional proteome is a complex and tightly controlled 
process that involves a plethora of factors including molecular chaperones [1, 2]. A specialized 
group of ribosome-associated chaperones transiently binds to the translation machinery and 
interacts with newly synthesized polypeptides facilitating de novo protein folding and targeting, thus 
preventing misfolding and aggregation [3-7]. Eukaryotic ribosome-associated factors are the highly 
conserved nascent polypeptide–associated complex (NAC) and an Hsp70/40-based chaperone 
system, termed Ssb-RAC in yeast. Both systems bind transiently to the ribosome in close proximity 
to the tunnel exit and interact with nascent polypeptides. Thus, it is assumed that Ssb-RAC and 
NAC act during the folding of newly synthesized proteins in the cytosol [8-12].  
In Saccharomyces cerevisiae the ribosome-associated complex RAC, which comprises the Hsp40 
Zuotin (Zuo1) and an aberrant Hsp70 Ssz1, functions together with another Hsp70, Ssb. This 
chaperone exists in two interchangeable versions Ssb1 and Ssb2 that differ in only four amino 
acids, referred to as Ssb hereafter [13-15]. Nascent chain targeting and interaction as well as ATP-
hydrolysis of Ssb is regulated by its co-factor RAC [9, 16, 17]. Cells lacking parts or the whole Ssb-
RAC functional triad show similar phenotypes including slow growth and sensitivity towards salt, 
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aminoglycosides, translation inhibitory drugs, protein folding stress and low temperatures [15, 18]. 
Interestingly, the Ssb-RAC system is functionally connected to NAC, as the combined deletion of 
this complex causes enhancement of the ssb1,2∆ phenotypes [19, 20].  
It could be shown recently that the loss of either Ssb or Zuotin causes also deficiencies in the 
production of new ribosomal particles and consequently a decline of actively translating ribosomes 
[19, 21]. Furthermore, cells lacking Ssb show low levels of ribosomal proteins (r-proteins), 
aggregation of ribosome biogenesis factors (RBFs) as well as r-proteins of the small and large 
subunit and the accumulation of unprocessed ribosomal RNA (rRNA) precursors in these 
aggregates [19]. Therefore, a dual role of Ssb was proposed in de novo protein folding and in the 
biogenesis of new ribosomal particles. A further hint that Ssb might directly be involved in ribosome 
biogenesis (also called ribogenesis) is its expression profile, which correlates with that of r-proteins; 
both show an increase of synthesis upon carbon up-shift [22]. A recent study suggest that Ssb 
affects ribosome biogenesis indirectly via the TORC1-Sche9 pathway, however, pre-dominantly 
influencing the biogenesis of the small ribosomal subunit [23]. Thus it remains still unclear if Ssb 
plays a direct role in ribosome biogenesis of the large subunit in the nucleus and how this relates 
to its function on translating ribosomes.  
 
Synthesis of eukaryotic ribosomes is complicated, involving the transcription, modification and 
processing of rRNAs as well as the coordinated binding and remodeling of multiple r-proteins. 
These processes are highly complex, tightly controlled in a hierarchical manner and involve many 
ribosome biogenesis factors (for reviews about ribosome biogenesis in S. cerevisiae see e.g. [24-
26]). In addition, eukaryotic ribogenesis demands the coordinated function of molecular 
chaperones, which might also include a role of the Hsp70 Ssb. In this study we set out to investigate 
the functional plasticity of Ssb by characterizing its function both in the nucleus during ribosome 
assembly as well as in the cytosol during translation.  
 
Results 
Ssb deletion retards nuclear 35S rRNA processing and mimics loss of ribosome biogenesis 
factors  
To better understand the functional versatility of Ssb, we first characterized its yet unknown role in 
ribosome biogenesis. Ribosome biogenesis starts in the nucleolus with the synthesis of the 35S 
rRNA that is co-transcriptionally assembled with most r-proteins forming the 90S pre-ribosome (Fig. 
1A). For that, the rDNA is transcribed into the 35S primary transcript, which contains internal (ITS1, 
ITS2) and external transcribed spacers (5’ETS, 3’ETS) and the sequence of the mature 18S, 5.8S 
and 25S rRNAs. The 35S rRNA is rapidly processed via different intermediates resulting in the 
mature rRNAs (Fig. 1A; for reviews see e.g. [24-26]). As r-proteins are potential substrates of Ssb 
that misfold and aggregate in ssb1,2∆ cells [19], we addressed the question of whether loss of Ssb 
also influences the processing of rRNA. Furthermore, it is known that Zuotin also affects rRNA 
maturation [21] and that aggregates of nac∆ssb1,2∆ cells contain rRNA precursors [19].  
To investigate rRNA processing we isolated total RNA from wild type (wt) and different deletion 
strains and monitored the level of precursor or mature rRNAs via Northern blot analyses using 
digoxygenin-labeled probes (Fig. 1B). Application of the ITS2-probe revealed the accumulation of 
a large rRNA precursor in the absence of Ssb that may correspond to the 35S rRNA or variants 
thereof (33S or 32S rRNA). Consequently, we detected decreased levels of the later 7S precursor, 
while the signal intensities of the 27S rRNA were saturated, thus preventing to monitor any 
differences. In agreement with earlier data, the loss of Zuotin also provoked an accumulation of the 
large rRNA precursor [21], however, clearly to a minor extent in comparison to cells lacking Ssb. 
Combined deletion of genes encoding Ssb and Zuotin or NAC did not further increase the level of 
unprocessed rRNA. From these data we conclude that Ssb, either directly or indirectly, contributes 
to very early rRNA processing steps in the nucleolus.  
To further study the role of Ssb in ribosome biogenesis we compared the phenotypes of cells lacking 
Ssb with those of cells lacking representative but non-essential RBFs. Deletion of these factors 
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(Puf6, Sac3, Snu66 or Tif4631) leads to an impaired ratio of mature ribosomal subunits, decreased 
translation rates and goes along with the emergence of halfmers [27], all together phenotypes that 
are also characteristic for ssb1,2∆ cells [19]. Comparison of the rRNA precursor accumulation 
revealed a similar impairment of rRNA processing in cells lacking Ssb (Fig. 1B) or distinct RBFs 
[27]. Also the isolation of insoluble protein material of these strains resulted in a similar aggregate 
pattern (Fig. S1A), especially in the case of tif4631∆. Next, we used Rpl25-GFP to monitor nuclear 
export of the pre-60S subunit into the cytosol. Deletion of both, Tif4631 or Ssb, resulted in the 
accumulation of nuclear Rpl25-GFP signals (Fig. S1B), which was already described for ssb1,2∆ 
cells (Koplin et al., 2010). The overlapping function of Ssb and Tif4631 is further emphasized by a 
strong growth defect of cells lacking both factors (Fig. S1C). Taken together, Ssb shares 
characteristic phenotypes of classic RBFs, suggesting a direct function of this chaperone in 
ribosome biogenesis.  
 
Ssb localizes to the nucleus and cytosol 
Next, we analyzed the cellular distribution of the highly expressed Ssb chaperone. There are 1-5 
molecules of Ssb per ribosome [9, 10] and Ssb constitutes 1-2% of the total cellular protein [9]. It is 
known that Ssb possesses a nuclear export sequence (NES; Fig. 2A, blue) [28], suggesting that 
the chaperone is able to shuttle between the cytosol and the nucleus. Using NLS-Mapper as a 
common prediction tool we also found two potential nuclear localization signals (NLS) in Ssb (Fig. 
2A, red and orange).  
To study the subcellular localization of Ssb in more detail, we performed fluorescence microscopy 
analyses with yEGFP-Ssb1 fusion constructs expressed from a plasmid in ssb1,2∆ cells. These 
variants expressed under control of the Ssb1 endogenous promoter complemented the growth of 
ssb1,2∆ cells comparable to wt (data not shown). yEGFP-Ssb1 was predominantly detectable in 
the cytosol, whereas the yEGFP-Ssb1∆NES mutant, which lacks the nuclear export sequence, 
showed accumulation in the nucleus (Fig. 2B). To biochemically quantify the cellular distribution of 
Ssb1 protein, we isolated wt yeast nuclei via differential centrifugation and could detect signals of 
Ssb1 and its co-factor RAC both in the cytosol as well as in the nucleus (Fig. 2C). Western blot 
analyses using Pgk1 and Nop2 specific antibodies served as controls for the cytosolic and nuclear 
fraction, respectively. Quantification of the subcellular Ssb distribution revealed that about 10% of 
Ssb is present in the nucleus and 90% in the cytosol. However, the nuclear volume occupies only 
about 8% of the cellular volume [29]. Thus we can conclude that the approximate concentration of 
Ssb in both compartments is rather similar.  
 
Ssb1 predominantly interacts with factors involved in ribosome assembly, architecture and 
function  
Previous interactome analyses addressed the interaction of ribosome-bound Ssb with nascent 
polypeptides [30]. We set out to define the total Ssb1 interactome to monitor all potential interaction 
partners in the cytosol and in the nucleus. To this end, we performed pulldown (PD) experiments of 
chromosomally TAP-tagged Ssb1 from total lysate (Fig. 3A). Expression of Ssb1-TAP fully 
complemented the growth of ssb1,2∆ cells suggesting in vivo functionality of this Ssb version (Fig. 
3B). Analysis of the final elution upon TAP-PD revealed multiple proteins co-migrating with Ssb1 
(Fig. 3C). Wt cells without any TAP-tagged protein served as negative control and three 
independent experiments were performed prior identification of co-eluted proteins by mass 
spectrometry (MS) analysis. The protein hits obtained were functionally grouped: out of 207 
identified proteins (see table S1) 39% are r-proteins, 9% are involved in translation and 4% display 
chaperones or co-factors of Ssb like Ssz1, Zuo1 or Sse1/2 (Fig. 3D). The remaining proteins 
identified (31%) do not fall into any specific functional group and are categorized as "Others". 
Remarkably, the majority of the putative Ssb interactors (65%) are involved in ribosomal function, 
architecture or assembly. The ribogenesis factors obtained include 35S rRNA RBFs, which are 
predominantly localized in the nucleolus and are involved in the assembly of the 90S pre-ribosome 
[31] or the small-subunit processome [32] (SSU; e.g. Nop56, Nop58, Mpp10; Fig. 3E; table S1). 
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Interestingly, almost one half of the identified RBFs (e.g. Nog2, Nop2, Nop13, Nop56, or Mpp10) 
are also known to become aggregation-prone in ssb1,2∆ cells [19, 30].  
To prove the specificity of the Ssb1-protein interactions we either pretreated the Ssb1-TAP lysate 
with Apyrase to stabilize the Hsp70-protein complex or with ATP to release substrates. The total 
amount of Ssb1 co-eluting proteins, as well as that of r-proteins is reduced upon ATP-treatment 
(Fig. S2A), indicating specific binding of Ssb1 to these substrates. Furthermore, we examined the 
Ssb1 interactome also in the absence of RAC, which is known to regulate substrate binding and 
specificity of Ssb [17, 30]. Both interactomes sets overlapped predominantly, however, as expected, 
the amount of Ssb1 co-eluting proteins was reduced in the absence of RAC (see table S1; Fig. 
S2B). From these data we conclude that the majority of proteins that co-eluted with Ssb in a RAC 
and ATP-dependent manner represent potential substrates.  
Next, we investigated the potential differences between the cytosolic and nuclear Ssb1 interactome. 
Therefore, Ssb1-TAP cells were spheroblasted and nuclei were separated from the cytosol via 
differential centrifugation followed by TAP-PD and MS analyses (Fig. 3F). We identified fewer 
proteins for both, the cytosolic as well as the nuclear Ssb1 interactome (see table S1), likely due to 
the longer experimental procedure. Furthermore, almost all cytosolic hits were also detectable in 
the nuclear dataset (Fig. 3H, left). However, it should be noted that all factors involved in translation 
and identified in the nuclear Ssb1 interactome have additional roles within this compartment, e.g. 
during mRNA export. Most of the nuclear "Others" group represent proteins of the endoplasmic 
reticulum and mitochondria or are membrane proteins, that likely co-sedimented together with 
nuclei. The biochemical analysis of nuclei and cytosol showed that both fractions were slightly 
contaminated by cytosolic Pgk1 or nuclear Nop2, respectively (Fig. 3G, Input). Nevertheless, an 
interaction of Ssb1 with RBFs could only be detected in the nuclear interactome (Fig. 3H, right), 
suggesting a specific interaction of Ssb1 with these proteins in the nucleus rather than a 
co-translational binding of nascent RBFs in the cytosol. Furthermore, both cytosolic as well as 
nuclear Ssb1 showed binding of almost all r-proteins and of co-factors like RAC or Sse1, indicating 
Ssb-dependency on these factors in both compartments.  
Taken together, Ssb1 shows interactions with a large variety of proteins involved in synthesis and 
assembly of new ribosomes. However, by using this pulldown strategy we are not able to finally 
distinguish between direct and indirect interactions of Ssb with the respective proteins. 
Nevertheless, the RBFs identified are involved in multiple steps of nuclear and cytosolic maturation 
of various subunit precursors. Furthermore, the interaction between Ssb and r-proteins seems to 
be prominent as almost all r-proteins could be detected under all conditions tested. Interestingly, 
the few r-proteins that are synthesized as ubiquitin-fusion constructs, which is hypothesized to serve 
for their stabilization [33, 34], are not amongst the Ssb1 interactors, suggesting that they do not 
need chaperone assistance in contrast to unmodified r-proteins.  
 
Ssb associates with ribosomal precursor complexes  
To further analyze the function of Ssb in ribosome biogenesis, we investigated the interplay 
between the chaperone and different pre-ribosomal complexes. We chose representative factors 
involved in nucleolar, nuclear and cytosolic maturation of the small and large subunit (factors used 
are indicated in Fig. 4A), which partially belong to the Ssb1 interactome (e.g. Nog2, Lsg1, Rio2, 
Arx1, Nop7) and performed TAP-PD experiments of these TAP-tagged RBFs. Remarkably, Ssb1 
could be detected in the final elution of all ribosomal precursors analyzed (Fig. 4B). Co-elution of 
Zuotin was most prominently detectable within the Nog2, Hrr25 and Rio2 containing particles. Thus, 
the Ssb-RAC system seems to be involved in the whole process of nucleolar, nuclear and cytosolic 
ribosome assembly. As negative control we tested for the presence of NAC in these pre-ribosomal 
complexes, but we could not detect the heterodimer in any of these fractions (data not shown) 
suggesting an Ssb specific interaction. 
To provide further insight into the structural arrangement of Ssb on pre-ribosomes we used 
chemical cross-linking followed by mass spectrometry (XL-MS) using the Nop7-containing 
pre-ribosome. The general approach of XL-MS is to cross-link proteins in their native environment, 
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followed by detection and exact sequence identification of cross-linked peptides by MS [35]. Nop7 
binds early during pre-60S assembly and forms a complex with Erb1 and Ytm1 [36] that was 
identified in our Ssb1 interactome (see table S1). In addition, Nop7 and Erb1 aggregate in the 
absence of Ssb [21] indicating their chaperone dependency and pulldown of Nop7 yielded sufficient 
amounts for cross-linking analyses (Fig. 4B). Nop7-TAP pulldowns were cross-linked using the 
homobifunctional, amine reactive cross-linker disuccinimidyl suberate (DSS) and cross-linked 
peptides were identified using liquid chromatography (LC)-MS/MS and xQuest. The analysis 
revealed the presence of several RBFs as well as r-proteins in this complex (table S2). Nop7 
predominantly cross-linked to Rpl8B (eL8) to which its co-factor Ytm1 could be cross-linked recently 
[37]. For Zuotin an interaction with Rpl16B (uL13) could be monitored, which is none of the already 
identified contact sites to the 80S mature ribosome (e.g. cross-links to Rpl31 (eL31) [38-40]). 
However, binding of Zuotin to immature precursors was not addressed so far and binding sites of 
Zuotin may vary depending on the ribosomal status. Ssb itself cross-linked to Rpl31A/B (eL31), a 
protein surrounding the ribosomal tunnel exit. This interaction involves the nucleotide-binding 
domain (NBD) of Ssb, a region that is engaged in the interaction with Zuotin. An additional cross-
link of Ssb, although with a lower Id-score (the higher the Id-score, the better the match between 
experimental and reference spectrum, see table S2), involves its NBD and Rpl3 (uL3). In principle, 
both Ssb binding sites could be present at the same time in vivo, as they are in close proximity to 
each other, at least in mature 60S particles (Fig. 4C). It is important to note that binding of Ssb to 
pre-ribosomal complexes and to translating 80S ribosomes that expose a nascent polypeptide 
might be different. However, based on these data, we speculate that Ssb might bind to the exit site 
region of ribosomes already at the 90S precursor and may support processing and remodeling of 
this region on 90S and pre-60S particles.  
 
Nuclear Ssb complements ribosome biogenesis but shows defects in translation 
To distinguish between the nuclear and cytosolic functions of Ssb, we tried to produce Ssb variants 
located specifically to one compartment. Unfortunately, that far we did not succeed in constructing 
an Ssb version that is excluded from the nucleus to study the consequences of a loss of nuclear 
Ssb function. However, we were able to construct Ssb variants that accumulate in the nucleus and 
are depleted from the cytosol. As yEGFP-Ssb1∆NES only mildly accumulated in the nucleus (Fig. 
2B), we fused an additional NLS [41] to this construct and reduced its cellular abundance by using 
a low expression promoter [42] (indicated by ¯), to significantly reduce the cytosolic Ssb level. 
yEGFP-Ssb1 constructs under Ssb1 or low expression promoter regulation served as controls. 
First, we determined the Ssb1 expression levels biochemically by analyzing adjusted total lysates 
(Fig. 5A). The (¯) promoter control reduced the level of yEGFP-Ssb1(¯) to 67.41 ± 5.03% and that 
of the corresponding NLS-version to 27.5 ± 4.35% (Fig. 5B). Generally, NLS-fusion decreased the 
steady state levels of all Ssb1 constructs, which might be due to the different proteostasis control 
mechanisms in the nucleus. Next, we used fluorescence microscopy analyses to monitor the 
cellular distribution of the different Ssb1 constructs. yEGFP-Ssb1 as well as the lowly expressed 
version thereof displayed only weak nuclear fluorescence and localized predominantly to the cytosol 
(Fig. 5C). The NLS constructs in contrast showed a nuclear accumulation, irrespective of the 
promoter used. The strong nuclear fluorescence of NLS-yEGFP-Ssb1∆NES sometimes overlapped 
the DAPI signals that only represent the DNA-part of this compartment. Therefore, we used 
mCherry-tagged Nup120, a component of nuclear pore complexes, to prove that the GFP signals 
monitored were completely localized inside the nucleus (Fig. 5D). To quantify the nuclear-cytosolic 
distribution of the different Ssb1 constructs we determined integrated densities of nuclear or total 
fluorescence and calculated the cytosolic values subsequently. For yEGFP-Ssb1 only 9.71 ± 0.54% 
nuclear fluorescence could be detected (Fig. 5E), what fits well to our biochemical analyses of 
cellular fractionation experiments (Fig. 2C). This ratio did only mildly change if yEGFP-Ssb1 was 
controlled by the (¯) promoter (7.56 ± 0.87% nuclear fluorescence). Remarkably, NLS fusion in 
combination with NES deletion led to a strong nuclear Ssb1 accumulation of 51.84 ± 1.96%. This 
ratio was again rather unchanged if the corresponding low abundant construct was analyzed (46.01 
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± 0.69% nuclear fluorescence). Finally, we quantitatively combined the expression and subcellular 
localization levels of the different Ssb1 constructs (Fig. 5F), which revealed that the nuclear levels 
were in none of the cases significantly below that of wt-Ssb1. However, the level of cytosolic Ssb1 
protein varied strongly as intended and especially the NLS-yEGFP-Ssb1∆NES(¯) construct showed 
a considerable depletion from this compartment. Interestingly, this mutant displayed also the worst 
complementation capability when transformed into ssb1,2∆ cells, especially under stress conditions 
(cold, salt, translational, or protein folding stress), although the cells still grew better than the empty 
vector control (Fig. 5G). Ssb1 tagging with yEGFP was fully able to substitute for wt-Ssb1 and the 
other fusion constructs analyzed showed an intermediate growth behavior. This suggests, that the 
level of cytosolic Ssb1 is critical to complement the growth defects of ssb1,2∆ cells. In contrast to 
that, all Ssb1 versions, even the lowly expressed and cytosolic depleted ones completely 
suppressed r-protein aggregation in ssb1,2∆ cells (Fig. 6A). Furthermore, all Ssb1 constructs 
revealed wt-like amounts of r-proteins in contrast to ssb1,2∆ cells transformed with only empty 
vector, which clearly showed reduced r-protein levels.  
Finally, we performed polysome profiling experiments to investigate the level of ribosomal subunits 
and translating ribosomes, as well as Ssb migration with the different ribosomal species. Therefore, 
total lysates of ssb1,2∆ cells expressing different Ssb versions were loaded on sucrose density 
gradients to separate ribosomal species by ultracentrifugation. Subsequent fractionation of the 
gradients and A254 detection reported about the 40S, 60S, 80S and polysome content. Ssb1,2∆ 
cells transformed with empty vector showed the expected decrease of ribosomal subunits, 80S 
monosomes and polysomes (Fig. 6B). These defects were complemented upon transformation of 
yEGFP-Ssb1 expressed under its authentic promoter. Western blot analyses of the fractions 
resulting from polysome profiling detected Ssb1 as expected in the soluble part as well as bound to 
ribosomal subunits, translating monosomes and polysomes [43]. Remarkably, also the other Ssb1 
constructs displayed a wt-like ratio of mature 40S to 60S subunits, confirming our observation of 
functional r-protein synthesis in all cases (Fig. 6A). In contrast to that, the level of 80S monosomal 
and polysomal translation as well as the amount of Ssb protein bound to ribosomes varied strongly 
amongst the different constructs, with a similar tendency to what we observed already in the growth 
analyses (Fig. 5G): Thus, the cytosolically depleted NLS-yEGFP-Ssb1∆NES(¯) mutant was 
characterized by the strongest impairment of growth (Fig. 5G), lowest translation rates and only 
weak migration with translating ribosomes (Fig. 6B). However, monitoring ribosome biogenesis, 
r-protein aggregation, or the level of r-proteins in general revealed a wt-like function of this Ssb1 
mutant (Fig. 6A, B). From this we conclude, that the nuclear level of Ssb protein is critical for all 
aspects of ribosomal synthesis. Reduction of the cytosolic Ssb concentration in turn seems to be 
directly connected with impaired translation and growth rates. This emphasizes two important but 
distinct and compartment-specific functions of the Hsp70 Ssb, one in the cytosol during translation 
and protein folding and another role in the nucleus during maturation of new ribosomal particles. 
 
Discussion 
Recent observations suggested that the Hsp70 Ssb displays a dual function in the yeast S. 
cerevisiae. On the one hand, it associates with translating ribosomes to support de novo protein 
folding [9, 19, 30]. On the other hand, it was shown that the loss of Ssb hampered ribosome 
biogenesis [19, 21]. How Ssb may fulfill these two different important tasks remained obscure. In 
this study we shed light on the diverse Ssb activities during the biogenesis of new ribosomal 
particles in the nucleus and during translation in the cytosol. 
 
We showed that about 10% of Ssb is constantly present in the nucleus and our interactome 
analyses suggest that within this compartment it binds many r-proteins and RBFs, predominantly 
involved in early ribosome assembly. These interactions are controlled by ATP indicating that Ssb 
binds r-proteins and RBFs as substrates. This fits well with the fact that r-proteins have a high 
propensity to misfold and aggregate in the absence of Ssb-RAC [19, 21]. In addition, many of these 
proteins remain largely unfolded during synthesis and only become stabilized upon incorporation 
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into ribosomal precursor complexes. In addition, the charged character of r-proteins in combination 
with the spatial separation of translation and ribosome assembly accounts for mechanisms that 
support r-protein transport, protection, folding and incorporation [44, 45]. However, we cannot 
exclude that entire pre-ribosomal complexes co-eluted together with Ssb bound to only distinct 
r-proteins. Nevertheless, the few r-proteins that are synthesized as ubiquitin-fusions and which are 
hypothesized to be independent of chaperone guidance [33, 34], were neither part of the Ssb 
interactome, nor of the ssb1,2∆ aggregates [19]. This might argue for a direct interaction of cytosolic 
as well as nuclear Ssb with unassembled r-proteins as chaperone substrates. In addition, earlier 
studies report a broad substrate-specificity of Ssb with nascent polypeptides including also r-
proteins [30]. Thus, the interaction of Ssb with r-proteins in their nascent state might either be 
maintained throughout their nuclear transport or nuclear Ssb binds to imported r-proteins until they 
are incorporated into pre-ribosomes. These assumptions would also explain why the deletion of 
Ssb affects nuclear processing of the 35S rRNA, as incorporation of r-proteins is tightly connected 
with synthesis and processing of the rRNA. Defects in one pathway always result also in down 
regulation of the other one. Alternatively, Ssb may play a direct role in rRNA processing, however, 
we consider this as unlikely given that Ssb has no described nuclease activity.  
 
We could identify Ssb together with its co-factor Zuotin at multiple pre-ribosomes from early 
nucleolar to late cytosolic ones suggesting that these chaperones form a functional system in the 
nucleus and in the cytosol. Cross-link analyses using Nop7-tagged cells in order to enrich pre-60S 
particles revealed direct binding of Ssb to r-proteins likely involving eL31 and adjacent r-proteins. 
Interestingly, an Ssb cross-link to eL31, which localizes near the tunnel exit site of ribosomes, was 
recently identified also in another study mapping binding of Ssb to 80S ribosomes [46]. Additional 
cross-links to further r-proteins of the ribosomal exit site (uL29, eL39, eL19) were reported in 
another recent analysis [47]. However, both studies addressed binding of Ssb to matured 
ribosomes, which might differ from attachment sites of Ssb at pre-ribosomal particles. Based on 
these data we hypothesize that Ssb binds close to the exit site already within pre-ribosomal particles 
and may locally support conformational remodeling processes of r-proteins in its vicinity.  
 
Ssb is suggested to function in tight collaboration with its co-factor RAC. It is already described that 
Zuotin has additional nuclear functions and associates with distinct ribosomal precursor complexes 
[21]. The deletion of Zuotin leads to an accumulation of the 27S rRNA and hampers nuclear export 
of Rpl25-GFP [21], thus causing similar effects as the deletion of Ssb [19]. Interestingly, a Zuotin 
mutant that accumulates in the nucleus does not complement the growth defects of zuo1∆ cells [12, 
21], which is similar to our observations for Ssb. Remarkably, the Ssb mutant variant that mainly 
localized to the nucleus was characterized by a wt-like nuclear concentration and a 
complementation capability of all aspects concerning ribosome assembly. However, the low 
cytosolic abundance of this mutant led to severe translational defects, which were likely also the 
cause for the strong growth defect observed. These results emphasize a compartment-specific role 
of Ssb; in the nucleus during ribogenesis and in the cytosol at translating ribosomes. In addition, 
the data suggest that concerning ribogenesis Ssb is mainly functional in the nucleus. That far we 
were not successful in constructing an Ssb variant excluded from the nucleus, which would allow 
analyzing also the consequences of the loss of Ssb in this compartment.  
 
In summary, this study provides evidence that the functional plasticity of Hsp70 Ssb is driven by its 
localization. We suggest a model where nuclear Ssb attaches directly to the exit site of early 60S 
ribosomal precursors to likely support remodeling of the precursor and/or to shield immature sites 
until further r-proteins or RBFs bind. Furthermore, nuclear Ssb can bind individual r-proteins and 
RBFs to prevent their misfolding and aggregation until the correct assembly of r-proteins into 
different pre-ribosomal particles. In the cytosol, Ssb binds to translating ribosomes also close to exit 
site and acts on nascent polypeptide translation and folding.  
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Material and Methods 
Strains, plasmids and growth conditions 
Wild type yeast as well as nac∆, ssb1,2∆, ssz1∆, zuo1∆ strains and combinations thereof are BY4741 
derivatives and described elsewhere [19]. Yeast strains puf6∆, sac3∆, snu66∆ and tif4631 are commercially 
available (EUROSCARF) as well as TAP-tagged strains (Thermo Scientific). pRS316 vectors containing Ssb-
promoter and -terminator regions were used as empty vector control, or for insertion of the Ssb1 gene or 
mutations thereof. pRS416 containing a Met17 promoter and a Cyc1 terminator was used as empty vector 
control or for insertion of wt or mutant Ssb1 versions [42, 48]. The Rpl25-GFP plasmid was already used in 
another study [19]. Ssb lacking its nuclear export sequence NES (residues 574-87) was cloned according to 
Shulga et al., 1999 [28]. yEGFP was N-terminally fused to wt or mutant Ssb1 gene including a linker region 
(GSAGGSAV) and constructs were either cloned into pRS316 or pRS416 vectors, respectively. A bipartite 
NLS sequence (DPKKKRKVDPKKKRKV) was N-terminally fused to yEGFP-Ssb1∆NES according to Fischer-
Fantuzzi and Vesco, 1988 [41] and cloned into pRS316 or pRS416 vectors. Nup120-mCherry was cloned as 
described in Skruzny et al., 2009 [49]. Yeast transformations were performed according to standard protocols.  
Unless described otherwise cells were grown at 30 °C in YPD (1% (w/v) Bacto Yeast Extract, 2% (w/v) Bacto-
Peptone, 2% (w/v) Dextrose) or in defined synthetic complete (SC) media (6.7 g/l Bacto-Yeast Nitrogen Base 
w/o amino acids, 2 g/l amino acid mix, 2% (w/v) Dextrose). For spotting assays exponentially growing cultures 
were adjusted to OD600 = 0.4 and spotted in fivefold serial dilutions onto selection plates, which were incubated 
for 2 days at 30 °C or for 5 days at 20 °C. Plates supplemented with additives contained 0.8 M NaCl, 25 µg/ml 
Hygromycin B or 0.75 µg/ml L-Canavanine, respectively.  
 
Antibodies and Western blot analyses 
Protein samples were analyzed via SDS–PAGE, Coomassie or Silver staining or immunoblotting using 
nitrocellulose membranes (GE Healthcare), according to standard protocols. First and secondary antibodies 
were used as 1:10,000 dilutions. Polyclonal antibodies against NAC, Rpl17A, Rps3, Ssb1, Ssz1 and Zuo1 are 
already described [19]. Antibodies anti-CBD (Millipore, 07-482), Nop2 (Thermo Fisher, MA1-10027), Pgk1 
(Novex, Life Technologies, 459250), GFP (Roche, 11814460001) and secondary HRP-coupled antibodies 
(Dianova, 715-035-151, 711-035-152) are commercially available.  
 
Northern blotting 
For generation of digoxygenin labeled RNA probes genomic yeast DNA was isolated (YeaStar Genomic DNA 
Kit; Zymo Research) and used to amplify templates by PCR for subsequent in vitro transcription. The following 
primers were used: 5’ITS2 (CATTCTGTTTGGTAGTGAG), 3’ITS2 
(GATCTAATACGACTCACTATAGGGACGCTCTCTTCTTATCGATAACG), 5’25S 
(GGSGTSCCCGCTGAACTTAAGC), 3’25S 
(GATCAATACGACTCACTATAGGCTTGTTCGCTATCGGTCTCTCGCC), 5’18S 
(CTCATTAAATCAGTTATCG), 3’18S (GATCTAATACGACTCACTATAGGTTTCTCAGGCTCCCTCTCCGG). 
DNA templates were in vitro transcribed by T7 RNA polymerase with reagents provided by the DIG Northern 
Starter Kit (NSK; Roche) according to manufacturer’s protocol. 
For total RNA isolation, yeast cultures were grown to exponential growth phase, cells were harvested and 
washed with AE-buffer (50 mM sodium acetate pH 5.2, 10 mM EDTA pH 8.0) and flash frozen in liquid nitrogen. 
Pellets were resuspended in 300 μl AE buffer and 30 μl of 10% SDS (v/v) and 500 μl Phenol (pH 4.5-5, Sigma) 
were added. Samples were incubated at 65 °C for 4 min followed by rapid cooling on ice. Upon centrifugation 
(12,000 xg, 2 min) the aqueous phase was mixed with Phenol:Chloroform:Isoamyl alcohol (25:24:1, pH 4.5-5, 
Roti-Aqua-P/C/I, Roth) and incubated for 2 min at room temperature. After centrifugation (12,000 xg, 2 min) 
the aqueous phase was mixed with 1/10 volume of 3 M NaAc pH 5.3 and 2 volumes of cold 100% (v/v) EtOH 
and RNA was precipitated on ice for 1 h. Samples were centrifuged (12,000 xg, 15 min, 4 °C), pellets were 
washed with 80% (v/v) EtOH, dried at 37 °C, resuspended in DEPC ddH2O (Roth) and stored at -20 °C.  
For Northern blotting 1 μg of total RNA was loaded onto a 0.8% (w/v) denaturing agarose gel prepared in 1x 
MOPS (20 mM MOPS, 5 mM NaAc, 2 mM EDTA pH 7.0) containing 2% (v/v) Formaldehyde. After 
electrophoresis the gel was washed 2x for 20 min with 20x SSC (3 M NaCl, 300 mM sodium citrate pH 7.0). 
RNA was transferred onto a nylon membrane (Biodyne A, 0.2 μm, PALL Life Sciences) by vacuum blotting 
(LKB Brommer) followed by UV-cross-linking for 2 min and Methylene blue staining (0.02% (w/v) Methylene 
blue, 300 mM NaAc in DEPC ddH2O) for 5 min. Upon destaining with 0.2x SSC and 1% (v/v) SDS the 
membrane was pre-hybridized with DIG Hybridization solution (NSK) for 45 min at 68 °C. Labeled RNA probes 
were heated to 95 °C for 5 min, chilled on ice, mixed with prewarmed Hybridization solution and incubated with 
the membrane over night at 68 °C. Membranes were washed 2x 5 min with washing solution I (2x SSC, 0.1% 
(v/v) SDS) at room temperature and 2x 15 min with washing solution II (0.1x SSC, 0.1% (v/v) SDS) at 68 °C. 



Manuscript II 

 113 

Subsequently, membranes were briefly rinsed with washing solution III (100 mM maleic acid, 150 mM NaCl, 
0.3% (v/v) Tween20, pH 7.5) and incubated with 1x Blocking solution (NSK) for 60 min at room temperature. 
Membranes were incubated with DIG antibody solution (DIG antibody 1:10,000 in 1x blocking solution, NSK) 
and washed 2x 15 min with washing buffer III. For detection membranes were equilibrated with Detection 
buffer (NSK) using the LAS-3000 system (Fujifilm).  
 
Tandem affinity purification  
TAP-pulldown experiments were adapted from Puig et al., 2001 [50] and further modified. Cells were grown to 
early exponential growth phase, quickly harvested using a vacuum pump and flash-frozen in liquid N2. Frozen 
pellets were powdered using a pre-cooled Retch Mill MM400 applying 30 Hz for 1 min. Powder was thawed in 
lysis buffer (50 mM HEPES KOH pH 7.4, 100 mM KCl, 1.5 mM MgCl2, 0.1% (v/v) NP40, 5% (v/v) glycerol) 
containing protease inhibitors and 1 mM PMSF and centrifuged (30,000 xg, 20 min, 4 °C). The supernatant 
was added to equilibrated IgG Sepharose beads and incubated for 2 h at 4 °C. Beads were washed several 
times with lysis buffer containing protease inhibitors and once with lysis buffer containing 1 mM DTT. TEV 
protease was added and incubated over night at 4 °C. The eluate was added to equilibrated Calmodulin beads, 
diluted with lysis buffer containing 2 mM CaCl2 and incubated for 2 h at 4 °C. Beads were washed several 
times with lysis buffer containing 2 mM CaCl2 and proteins were eluted in lysis buffer containing 5 mM EGTA. 
Elutions were analyzed via SDS-PAGE followed by Coomassie/Silver staining or immunological detection. For 
protein identification upon TAP-pulldown total proteins were excised from gels and analyzed via mass 
spectrometry (MS). Wild type lysates without any TAP-tagged protein served as control during TAP-pulldown 
experiments and subsequent MS analysis. MS hits were categorized as follows: chaperones; factors involved 
in translation; proteins of the small ribosomal subunit; proteins of the large subunit; ribosome biogenesis 
factors. The “Others” group contains all MS hits that are not included in one of the categories mentioned above. 
Protein functions were determined according to Saccharomyces Genome Database (SGD).  
To determine the nuclear and cytosolic Ssb1 interactome nuclei were isolated out of total lysates (see: isolation 
of yeast nuclei) and subsequent TAP-pulldown was performed as described above using the cytosolic and 
nuclear fraction, respectively. 
To analyze the ATP-dependency of the Ssb1 interactome lysate of Ssb1-TAP cells was divided and incubated 
with either ATP or Apyrase followed by TAP-pulldown as described above using buffers that continuously 
contained either ATP or Apyrase.  
MS analyses were carried out essentially as described previously [19].  
 
XL-MS 
For cross-linking experiments of Nop7-TAP-pulldowns the samples were purified via affinity tag from yeast 
cells as described above and XL-MS was carried out essentially as described previously [51]. The sample was 
cross-linked with 1 mM disuccinimidyl suberate d0/d12 (DSS, Creativemolecules Inc.), digested with trypsin 
and subsequently enriched for cross-linked peptides. LC-MS/MS analysis was carried out on an Orbitrap Elite 
mass spectrometer (Thermo Electron, San Jose, CA). Data were searched using xQuest in iontag mode 
against a database containing all 60S ribosomal proteins and a selected set of chaperones and ribosome 
interacting proteins with a precursor mass tolerance of 10 ppm. For matching of fragment ions tolerances of 
0.2 Da for common-ions and 0.3 Da for cross-link ions were used. For each experiment, only unique cross-
links were considered and only cross-linked peptides that were identified with a delta score (deltaS) below 
0.95 and an Id-Score above 28 were selected. Spectra of potential cross-links were additionally analyzed by 
visual inspection in order to ensure good matches of ion series on both cross-linked peptide chains for the 
most abundant peaks.  
 
Isolation of yeast nuclei 
Yeast nuclei were isolated via differential centrifugation: Cells were grown to OD600 = 0.8-1, harvested, 
resuspended in pre-warmed resuspension buffer (50 mM Tris pH 7.5, 30 mM DTT) and incubated for 20 min 
at 30 °C with gentle shaking. Cells were pelleted, resuspended in YPD-S (YPD plus 1 M Sorbitol) and 5 mg 
Zymolyase per liter culture were added. Spheroblasting was performed for 60-120 min at 30 °C with gentle 
shaking. Spheroblasts were washed twice with YPD-S and recovered for 30 min at 30 °C while shaking gently 
in YPD-S. Spheroblasts were washed twice in YPD-S and once in cold buffer N (25 mM K2SO4, 30 mM HEPES 
pH 7.4, 5 mM MgSO4, 1 mM EDTA, 10% (v/v) glycerol, 0.5% (v/v) NP40, 3 mM DTT, 1 mM PMSF, protease 
inhibitors). Spheroblasts were disrupted by dounce homogenization with a glass potter and unopened cells 
were pelleted by centrifugation (269 xg, 2 min, 4 °C). Protein concentration was determined and a total sample 
was taken. The supernatant was centrifuged (1,076 xg, 4 min, 4 °C) and the resulting supernatant was further 
cleared by centrifugation (1,911 xg, 5 min, 4 °C). Finally, the nuclei were pelleted (6,000 xg, 12 min, 4 °C) and 
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a cytosolic sample was taken from the supernatant. The resulting pellet was resuspended in buffer N and 
centrifuged (1,911 xg, 5 min, 4 °C). The resulting supernatant was centrifuged (6,000 xg, 12 min, 4 °C) and 
pelleted nuclei were resuspended in buffer N. All samples were sonicated prior analysis via SDS-PAGE 
followed by Silver staining or Western blotting.  
 
Fluorescence microscopy 
For fluorescence microscopy of Rpl25-GFP cells were grown in SC-URA media to OD600 = 0.8, stained with 
DAPI which was added to a final concentration of 10 µg/ml and incubated for 20 min in the dark at room 
temperature. Microscopy was performed with a Visitron microscope (37081 Visitron Systems, Axio, Carl Zeiss 
Inc.) equipped with a 100x Plan-Apochromat oil objective and images were processed with Photoshop CS3 
(Adobe).  
For imaging of different yEGFP-Ssb1 constructs cells were grown to early exponential phase (OD600 = 0.5-0.6) 
in SC-URA (pH 5.6) and shifted for DNA-staining to media with neutral pH = 7.0. DAPI was added to a final 
concentration of 10 µg/ml, the cells were incubated for 30 min at 30 °C and finally immobilized on thin-coated 
agarose slides (1% (w/v) in SC-URA). Fluorescence microscopy was performed using a Leica TCS SP8 
confocal microscope equipped with a 63x oil immersion objective lens (NA 1.4). Digital images were processed 
using Fiji software.  
To determine nuclear and cytosolic fluorescence integrated densities (mean grey value x area) of GFP-
fluorescence of cells and nuclear region were extracted using Fiji image J software. Nuclear regions were 
determined by DAPI-signal or in ssb1,2∆ NLS-yEGFP-Ssb1DNES strains by the nuclear GFP-signal that 
sometimes defined a larger area. The percentage of fluorescence in the nucleus was calculated by dividing 
the intensity value of the nucleus by the intensity value of the entire cell. Averaged values and standard 
deviation were derived from three individual experiments measuring 50-100 cells each.  
 
Isolation of protein aggregates 
Aggregates were prepared as described elsewhere [19]. Pre-cultures, grown in SC-media were used to 
inoculate fresh YPD media to an OD600 = 0.1, followed by incubation at 30 °C up to OD600 = 0.6-0.8. Cells were 
harvested in the presence of 15 mM sodium azide and flash-frozen in liquid N2. Pellets were resuspended in 
1 ml buffer I (20 mM potassium phosphate pH 6.8, 10 mM DTT, 1 mM EDTA, 0.1% (v/v) Tween 20, protease 
inhibitors cocktail, 1 mM PMSF and 1.25 U/ml DNase (Sigma) containing 3 mg/ml Zymolyase-T20 (MP 
Biomedicals)), incubated for 15 min at room temperature and chilled on ice for 5 min. Upon sonication (Branson 
tip-sonifier; 8x level 4, 50% duty cycle) samples were centrifuged for 20 min at 200 xg and the protein 
concentrations of the supernatants were adjusted. Samples of the normalized lysates were taken as an input 
control (total). Protein aggregates were sedimented at 16,000 xg for 20 min. Pellets were washed twice with 
buffer II (20 mM potassium phosphate pH 6.8, protease inhibitors) containing 2% (v/v) Nonidet P-40 (NP40) 
and once with buffer II w/o NP40, sonicated (6x level 4, 50% duty cycle) and centrifuged at 16,000 xg for 20 
min at 4 °C. Protein aggregates were resuspended in sample buffer and together with the total samples 
separated by SDS-PAGE followed by Coomassie staining or Western blotting and Ponceau S staining.  
 
Polysome profiling 
Polysome profiles were performed as described earlier [19] with the following adaptations. Yeast cells were 
grown to OD600 = 0.6-0.8, quickly harvested using a vacuum pump and flash-frozen in liquid N2. Frozen pellets 
were powdered together with 1 ml frozen lysis buffer (20 mM HEPES KOH pH 7.4, 100 mM KAc, 2 mM MgAc, 
0.5 mM DTT, 1 mM PMSF, 1x Tm complete protease inhibitor cocktail (Roche), 100 µg/ml Cycloheximide) 
using a pre-cooled Retch Mill MM400 and applying 22 Hz for 30 sec. The powder was thawed, cleared by 
centrifugation (16,000 xg, 10 min, 4 °C) and adjusted to same A260 units. 18 A260 units were loaded onto 11 ml 
of a linear 15-45% (w/v) sucrose gradient, prepared in lysis buffer w/o PMSF (Gradient Master; Biocomp 
Instruments). Gradients were centrifuged in a TH-641 rotor (Sorvall) with 39,000 rpm for 2.5 h at 4 °C, followed 
by fractionation from top to bottom with a gradient fractionator (Teledyne Isco, Inc.). A254 signals were recorded 
and absorbance data were processed with PeakTrak V1.1 (Teledyne Isco, Inc.). 500 µl fractions were collected 
and each fraction was analyzed via SDS-PAGE and Western blotting.  
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Legends 
Figure 1: Ssb deletion blocks efficient 35S rRNA processing in the nucleolus. A) Scheme of eukaryotic 
rRNA synthesis and processing: rDNA (orange) is transcribed into the 35S primary transcript, which contains 
internal (ITS1, ITS2) and external transcribed spacers (5’ETS, 3’ETS) and the sequence of the mature 18S, 
5.8S and 25S rRNAs. Spacers are progressively removed during hierarchical cleavage steps via different 
intermediates (e.g. 20S, 27S, 26S, 7S rRNA). The ITS2 probe (green) was used to identify different precursor 
rRNAs via Northern blotting. Blocking of rRNA processing in the absence of Ssb is indicated (red). B) Northern 
blot analysis to monitor processing of rRNA. Total RNA was isolated out of wild type or different deletion strains 
and analyzed via agarose gel electrophoresis. Methylene blue stained membrane served as loading control 
after blotting of the denaturing agarose gel onto nylon membrane. The ITS2 probe was used to identify 
precursor rRNAs; specific probes for 25S and 18S rRNA were used as controls. 
 
Figure 2: Ssb contains predicted NLS, a functional NES and partially localizes to the nucleus. A) Ssb1 
sequence with predicted bipartite (red) and monopartite (orange) nuclear localization signals (NLS; according 
to NLS-Mapper) and nuclear export signal (blue, NES; according to [28]). B) Cellular distribution of yEGFP-
Ssb1 and yEGFP-Ssb1∆NES was analyzed using fluorescence microscopy. Ssb1,2∆ cells were transformed 
with yEGFP-tagged wt or ∆NES Ssb1, grown in SC-URA to exponential phase and analyzed via confocal 
microscopy. DIC (differential interference contrast) with scale bar = 5 µm; DAPI was used for nuclei staining, 
GFP shows Ssb1 localization and overlay merges DAPI and GFP signals. C) Cellular fractionation to assess 
the nuclear and cytosolic Ssb1 levels. Wild type yeast nuclei were purified by differential centrifugation and 
total, cytosolic and nuclear (10x) fractions were analyzed via SDS-PAGE followed by silver staining or 
immunological detection of different proteins. Nop2 served as nuclear, Pgk1 as cytosolic marker.  
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Figure 3: Ssb interacts with factors involved in ribosomal function, architecture and synthesis. A) 
Schematic overview of the experimental workflow. Cells expressing chromosomally TAP-tagged Ssb1 were 
grown to early exponential phase, lysed and used for TAP-pulldown (PD) experiments. Ssb1 co-eluting 
proteins were identified via mass spectrometry (MS). Wild type (wt) cells without any TAP-tagged protein 
served as control. B) Growth analysis of Ssb1-TAP cells in comparison to wt and knockout strains. 
Exponentially growing cells were adjusted to OD600 = 0.4, spotted in fivefold serial dilutions on YPD and 
incubated for 2 days at 30 °C. C) Final elution of TAP-PD from wt (no TAP) and Ssb1-TAP lysates, analyzed 
via SDS-PAGE followed by Coomassie staining (top) or immunological detection of distinct proteins (bottom). 
CBD antibody detects the remaining calmodulin-binding domain of the TAP-tag. D) Grouped protein hits after 
MS analysis of Ssb1 co-eluted proteins according to SGD GO annotations from three independent 
experiments. Ribosome biogenesis factors are highlighted in red; percentage of each group is indicated. E) 
Further analysis of ribogenesis factors that were identified in the Ssb1 interactome as depicted in D). 90S & 
SSU: factors involved in 90S or small subunit (SSU) processome biogenesis; Small SU: factors involved in 
maturation of the small subunit (SU); Large SU: factors involved in maturation of the large subunit; Unknown: 
ribogenesis factors of unknown function. F) Schematic overview of TAP-PD experiments to identify the nuclear 
and cytosolic Ssb1-interactome according to A). G) Ssb1-TAP PD from cytosolic (C) and nuclear (N) fraction 
analyzed by SDS-PAGE and Coomassie staining or immunoblot. The asterisk marks untagged Ssb2 protein 
that is detected by the Ssb1 antibody. Pgk1 serves as cytosolic, Nop2 as nuclear marker. H) Analysis of MS 
hits of the nuclear and cytosolic Ssb1-interactome as shown in G). MS hits result from three independent 
experiments; total number of hits and overlap between the nuclear and cytosolic Ssb1-interactome is indicated 
(left); hits are grouped according to D) (right).  
 
Figure 4: Ssb is present at diverse ribosomal precursor complexes and cross-links to exit site proteins. 
A) Simplified overview of the eukaryotic ribosome biogenesis pathway, starting with synthesis of the primary 
rRNA transcript by RNA-Polymerase I (Pol I); the 90S pre-ribosome is separated into a pre-40S and pre-60S 
ribosome, which are further processed, exported and finally matured in the cytosol. Different sets of ribosome 
biogenesis factors (RBFs) bind to and dissociate from precursors and factors used for pulldown experiments 
are indicated (90S RBF, dark green; pre-60S RBFs, light green; pre-40S RBFs, brown). B) Final elution of 
TAP-pulldown experiments with tagged RBFs as indicated in A). Wild type cells without any tagged protein 
served as control. Samples were analyzed via SDS-PAGE and Coomassie staining, or by immunoblotting; 
asterisks indicate TAP-tagged proteins. The Calmodulin-binding domain (CBD) is the remaining part of the 
TAP-tag. C) Schematic representation of selected ribosomal proteins that cross-linked to Ssb upon Nop7-
precursor pulldown. The figure is based on the 60S subunit of the mature 80S yeast ribosome (from PDB 
4V88). rRNA (dark grey) and r-proteins (light grey) are indicated as well as the position of the tunnel exit and 
that of selected r-proteins (Rpl3, red; Rpl31, orange).  
 
Figure 5: Lowly expressed NLS-Ssb is depleted from the cytosol and only partially complements 
growth. A) Analysis of protein levels of differently expressed Ssb1 constructs. Wild type (wt) or ssb1,2∆ cells 
were transformed with either empty vector or different Ssb1 versions under control of the endogenous Ssb1 
or a low expression (¯) promoter. Cells were grown to early exponential phase in SC-URA, lysed, protein levels 
were adjusted and Ssb1 expression was analyzed via immunoblotting; Pgk1 served as loading control. B) 
Quantification of expression levels of different Ssb1 constructs as depicted in A). Ssb signals were adjusted 
to the Pgk1 loading control and yEGFP-Ssb1 was set as 100%. Error bars represent SEM of at least three 
independent experiments. An Student's t-test was used to assess significances: *P < 0.05, **P < 0.01, ***P < 
0.001. C) Cellular distribution of yEGFP-Ssb1 and NLS-yEGFP-Ssb1∆NES under control of the Ssb1 or (¯) 
promoter analyzed via fluorescence microscopy. Cells were grown in SC-URA to exponential growth phase 
and analyzed via confocal microscopy. DIC (differential interference contrast) with scale bar = 5 µm; DAPI was 
used for nuclear staining, GFP shows Ssb localization and overlay merges DAPI and GFP signals. D) 
Fluorescence microscopy to prove nuclear localization of NLS-yEGFP-Ssb1∆NES. Cells were co-transformed 
with mCherry-tagged Nup120 as marker of the nuclear membrane. Experimental procedure as described in 
C); scale bar = 5 µm; overlay merges mCherry and GFP signals. E) Quantification of nuclear and cytosolic 
Ssb1 fluorescence as shown in C). Total and nuclear fluorescence (according to DAPI signals) of 50-100 cells 
were determined and cytosolic fluorescence was calculated. Error bars represent SEM of at least three 
independent experiments. F) Relative nuclear / cytosolic Ssb1 distribution. Nuclear and calculated cytosolic 
fluorescence intensities of different Ssb1 constructs as shown in E) were adapted to expression levels as 
shown in B) and yEGFP-Ssb1 was set as 100%. G) Growth analysis of differently expressed Ssb1 constructs. 
Wt or ssb1,2∆ cells were transformed with either empty vector or different Ssb1 versions under control of the 
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Ssb1 or a low expression (¯) promoter. Cells were adjusted to OD600 = 0.4, spotted in fivefold serial dilutions 
on SC-URA plates, that may contain certain additives and incubated for 2 days at 30 °C or 5 days at 20 °C 
respectively.  
 
Figure 6: Reduced level of cytosolic Ssb complements ribosome biogenesis but shows defects in 
translation. A) Quantitative analysis of protein aggregates isolated out of wild type (wt) and ssb1,2∆ cells 
transformed with empty vector or different Ssb constructs under control of the endogenous Ssb1 or low 
expression (¯) promoter. Cells were grown to early exponential phase in SC-URA, harvested and lysed, protein 
levels were adjusted and aggregated material was isolated. Totals and protein aggregates were analyzed via 
SDS-PAGE and Western blotting, followed by Ponceau S staining and immunodetection. B) Polysome profiling 
of wt and ssb1,2∆ cells transformed with either empty vector or different Ssb1 constructs under control of the 
Ssb1 or (¯) promoter. Cells were grown in SC-URA media to early exponential phase, lysates were adjusted 
and 18 A260 units on top of a linear 15-45% (w/v) sucrose gradient were ultra-centrifuged followed by gradient 
fractionation from top to bottom and OD254 monitoring (top). Fractions were analyzed via immunoblotting 
(bottom). The profile of wt vector (grey) or ssb1,2∆ yEGFP-Ssb1 (dark green) at the background of each profile 
serves as control. The asterisk at the molecular weight marker indicates the 130 kDa marker instead of the 70 
kDa band in case of ssb1,2∆ yEGFP-Ssb1.  
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