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1. General introduction 
 

In this cumulative thesis, chemical crosslinking coupled to mass spectrometry (XL-

MS), a structural proteomics technique, was successfully applied and further 

developed in order to improve our understanding of two important cellular processes: 

The molecular basis of E6 binding and substrate recognition by the E3 ligase E6AP 

and ribosome biogenesis. 

The first cellular process, which was examined here, is the activation and 

deregulation of the human E3 ubiquitin ligase E6AP by the viral oncoprotein E6. In 

human papilloma virus (HPV) induced cervical cancer, E6 activates E6AP, which 

leads to the ubiquitylation of the tumor suppressor p53. Subsequent proteasomal 

degradation of p53 contributes to the formation of cervical cancer. So far, no 

structural study provided insight into how full-length E6AP is oriented towards E6 and 

p53 in the E6AP-E6-p53 complex or how the E3 activity of E6AP becomes stimulated 

by interaction with E6. Thus, in this study, different approaches in structural mass 

spectrometry (MS) were developed and applied in order to study the effect of the E6 

oncoprotein on E6AP conformation and complex formation. Using XL-MS, a new 

binding interface of E6 with the HECT domain of E6AP was identified and it could be 

shown, that this binding interface is still relevant in the E6AP-E6-p53 enzyme-

substrate complex of all three full-length proteins. Identified inter-protein crosslinks 

demonstrated, that the positioning of E6 and p53 in the direct vicinity of the catalytic 

centre in the HECT domain of E6AP facilitates the transfer of ubiquitin from E6AP to 

p53. Furthermore, in order to investigate the homo(di)merisation of E6AP, a workflow 

termed SILAC-XL-MS was developed which expands the tool kit of XL-MS and now 

allows to distinguish if two crosslinked peptides originate from the same protein 

molecule or from different copies of the same molecules (homodimers). In addition, 

by quantification of crosslinks and comparison of abundances of E6AP intra-protein 

crosslinks in presence and absence of E6, it became obvious, that E6 activates 

E6AP on a structural level by bringing the N- and C-termini of E6AP into closer 

proximity. Thereby, quantitative crosslinking coupled to mass spectrometry (q-XL-

MS) could shed light on the structural dynamics of E6AP. 

The second cellular process, which was examined here, is the assembly of a mega-

dalton scale ribonucleoprotein complex, the 60S ribosome. Ribosome biogenesis 
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requires a high amount of cellular resources. It involves around 200 proteins, so 

called ribosome biogenesis factors (RBFs), which transiently interact with pre-mature 

ribosomal particles along their assembly pathway from the nucleolus to the 

cytoplasm. Mature ribosomes in the cytoplasm decipher the genetic code by 

translation of messenger RNA (mRNA) into protein and thereby play an important 

role in the regulation of protein homeostasis in the cell. Recent high-resolution cryo-

electron microscopy (cryo-EM) reconstructions of 60S pre-ribosomal particles defined 

the molecular interaction sites and localization of many RBFs during maturation in 

particularly during the later stages of 60S ribosome biogenesis. However, many 

transient and dynamic interactions, particularly during early assembly states, remain 

uncharacterized. This is reflected in the fact that no structural or functional 

information exists for over half of the known RBFs associated with 60S biogenesis, 

even though they play important roles in 60S maturation. In a first attempt, late 

cytoplasmic maturation of 60S ribosome biogenesis was examined here, by affinity 

purification of assembly intermediates with the ribosome biogenesis factor Lsg1 as 

bait protein and subsequent analysis with XL-MS as well as with cryo-electron 

microscopy (cryo-EM was carried out by a collaboration partner). In the 

corresponding publication, identified crosslinks supported cryo-EM structures and 

insights were gained on the completion of the peptidyltransferase centre as well as 

on the precise timing of some ribosome biogenesis factors, for example the timepoint 

of Arx1 and Rei1 exchange by Reh1. 

In a second, more extensive approach, the full landscape of 60S ribosome 

biogenesis was examined by quantitative proteomics and XL-MS. Here, 12 assembly 

factors were used as bait proteins in order to purify early (nucleolar), intermediate 

and late pre-mature 60S ribosomal particles. The involvement of the large number of 

assembly factors in ribosome biogenesis (~200) and the amount of pulldown targets 

(12) together with the significant size and variability of the purified pre-ribosomal 

particles, makes this one of the largest XL-MS datasets to date on affinity enriched 

protein complexes. In the third manuscript of this cumulative thesis, the problems and 

limitations of XL-MS associated with this enormous volume of data were investigated 

and a new way of filtering inter-protein crosslinks for medium to large XL-MS 

datasets was found. Implementation and application of this so-called mono- and 

intralink filter (mi-filter) improved the false discovery rate (FDR) for inter-protein 

crosslinks dramatically. Thereby, the mi-filter permitted the positioning of 22 so far 
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unmodeled as well as 2 potential novel ribosome biogenesis factors, increasing the 

total number of mapped 60S RBFs by more than forty percent. Importantly, our 

analysis captured the transient interactions of multiple proteins, including several 

uncharacterized DEAD-box ATPases involved in 60S ribosome biogenesis. 

Furthermore, analysis of the quantitative proteomics data allowed us to reconstruct a 

detailed timeline of RBF engagement during 60S ribosome biogenesis and to identify 

9 potential novel ribosome biogenesis factors. Pairwise comparisons of RBF 

abundance correlations with “marker” RBFs that are specifically associated with 

unique structural intermediates allowed for time-resolved information to be extracted 

from the data. We demonstrate this approach of integrating both, quantitative and 

structural MS data with available cryo-EM structures, by mapping the DEAD-box 

ATPases Dbp9 and Dbp10 and the RBFs Noc2 and Ecm1 onto specific structural 

intermediates, shedding light on their molecular functions within 60S assembly. In 

addition, our analysis revealed an extensive interaction network for the casein kinase 

II complex (Ck2) in 60S maturation, which was previously only known as a 40S 

biogenesis factor. Future structural, biophysical and biochemical studies of 60S 

biogenesis will benefit from this dataset, both in interpreting features of cryo-EM 

maps and aiding the design of new purification strategies to probe the specific 

function of transient RBFs associated with 60S maturation. 
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2. Zusammenfassung 
 

In dieser kumulativen Doktorarbeit wurde die Methode der strukturellen Proteomik 

„chemical crosslinking coupled to mass spectrometry (XL-MS)“, also das chemische 

Vernetzen von Proteinen und das anschließende Auslesen und Identifizieren der 

verbundenen Peptide mittels Massenspektrometrie, eingesetzt und weiterentwickelt 

um unser Verständnis von zwei wichtigen zellulären Prozessen zu erweitern: Die 

molekulare Grundlage für E6-Bindung und Substraterkennung durch die E3 Ligase 

E6AP sowie Ribosombiogenese. 

Der erste dieser zellulären Prozesse ist relevant bei Gebärmutterhalskrebs, der 

durch humane Papillomaviren (HPV) induziert wird und involviert den E6AP-E6-p53 

Proteinkomplex. In Anwesenheit des viralen Onkoproteins E6 wird die humane E3 

Ubiquitinligase E6AP aktiviert und dereguliert, was dazu führt, dass der 

Tumorsuppressor p53 ubiquityliert wird. Im zellulären Kontext trägt der 

anschließende proteasomale Abbau von p53 zur Entstehung von 

Gebärmutterhalskrebs bei. Obwohl die HECT-Domäne von E6AP sowie ein 

Bindemotiv für E6 bereits kristallisiert wurden, gibt bisher keine strukturelle Studie 

Aufschluss darüber, wie Volllängen E6AP gegenüber E6 und p53 im E6AP-E6-p53 

Proteinkomplex orientiert ist, oder wie die E3-Ligase-Aktivität von E6AP durch die 

Interaktion mit E6 stimuliert wird. Daher wurden in dieser Studie verschiedene 

Methoden der strukturellen Massenspektrometrie entwickelt und angewendet um den 

Effekt des E6 Onkoproteins auf die Konformation von E6AP zu untersuchen. Unter 

Anwendung von XL-MS auf dem Stand der Technik wurde hier eine neue Bindestelle 

von E6 mit der HECT-Domäne von E6AP identifiziert und es konnte gezeigt werden, 

dass diese Bindestelle auch im E6AP-E6-p53 Enzym-Substrat-Komplex mit allen drei 

Proteinen voller Länge eine wichtige Rolle spielt. Inter-Protein-Crosslinks, die hier 

identifiziert wurden, zeigten, dass die Positionierung von E6 und p53 in der direkten 

Umgebung des katalytischen Zentrums in der HECT-Domäne von E6AP den 

Transfer des Ubiquitinmoleküls von E6AP auf p53 ermöglicht. Um die 

Homo(di)merisierung von E6AP zu untersuchen wurde darüber hinaus eine neue 

SILAC-XL-MS Methodik entwickelt, die den Methodenspielraum von XL-MS erweitert 

und jetzt erlaubt zu unterscheiden, ob zwei gecrosslinkte Peptide vom selben oder 

von unterschiedlichen Proteinmolekülen (Homodimer) stammen. Außerdem gab die 

Anwendung von quantitativem „crosslinking coupled to mass spectrometry (q-XL-
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MS)“ Aufschluss über die strukturelle Dynamik von E6AP: in Anwesenheit von E6 

traten Intra-Protein-Crosslinks zwischen N- und C-terminus von E6AP häufiger auf, 

als in Abwesenheit von E6. Dies lässt darauf schließen, dass der strukturelle 

Aktivierungsmechanismus, der durch Binding von E6 ausgelöst wird, eine 

Konformation begünstigt, bei der der N- und C-Terminus von E6AP in räumlicher 

Nähe sind. 

Der zweite zelluläre Vorgang, der hier untersucht wurde, beinhaltet den Aufbau des 

60S Ribosoms, eines Ribonukleoprotein-Komplexes in der Größenordnung von etwa 

zwei Megadalton. Die Biogenese von Ribosomen erfordert einen hohen 

Energieaufwand der Zelle. Etwa 200 Proteine, so genannte Ribosom-Biogenese-

Faktoren (RBF), sind daran beteiligt, die vorübergehend mit prä-ribosomalen 

Partikeln auf ihrem Weg vom Nukleolus ins Zytoplasma wechselwirken. Vollständig 

zusammengebaute und funktionstüchtige Ribosomen entschlüsseln im Zellplasma 

den genetischen Code durch das Übersetzen von „messenger RNA (mRNA)“ in 

Protein und spielen dadurch eine wichtige Rolle bei der Regulierung der Protein-

Homöostase in der Zelle. Erst vor kurzer Zeit erschienen einige hochaufgelöste 

kryoelektronenmikroskopische (Kryo-EM) Strukturen von prä-ribosomalen 60S 

Partikeln, die molekulare Interaktionsstellen mehrerer RBF neu definierten und es 

erlaubten, Gesetzmäßigkeiten für den Aufbau des 60S Ribosoms abzuleiten. 

Trotzdem verbleiben viele transiente und dynamische Interaktionen, vor allem in 

frühen prä-ribosomalen Partikeln, bislang nicht näher beschrieben. Dies spiegelt sich 

in der Tatsache wider, dass für mehr als die Hälfte der bekannten 60S RBF keine 

strukturelle oder funktionelle Information an prä-ribosomalen Partikeln vorhanden ist, 

obwohl diese Proteine wichtige Rollen beim Aufbau des 60S Ribosoms spielen. In 

einem ersten Ansatz wurde im Rahmen dieser Doktorarbeit die späte 

zytoplasmatische Entwicklungsphase von 60S Ribosomen untersucht. Dazu wurden 

Ribonukleoprotein-Komplexe der späten Vorstufen von 60S Ribosomen mittels 

Affinitätsreinigung am Ribosom-Biogenese-Faktor Lsg1 gewonnen und diese wurden 

anschließend sowohl mit XL-MS als auch mit Kryoelektronenmikroskopie (durch 

einen Kollaborationspartner) analysiert. In der dazugehörigen Publikation stützten 

und validieren identifizierte Crosslinks die Kryo-EM Strukturen und es konnten 

einerseits Erkenntnisse darüber gewonnen werden, wie das Peptidyltransferase 

Zentrum vervollständigt wird und andererseits konnte die präzise zeitliche 



	
	 7	

Reihenfolge einiger RBF festgelegt werden; zum Beispiel der Zeitpunkt der Ablösung 

der Assemblierungsfaktoren Arx1 und Rei1 durch Reh1. 

In einer zweiten, umfangreicheren Herangehensweise wurde die Gesamtheit der 

Assemblierungsfaktoren, die in der 60S Ribosombiogenese eine Rolle spielen, mit 

Hilfe von quantitativer Proteomik und XL-MS untersucht. Dazu wurden 12 RBF 

verwendet um frühe (nukleäre), mittlere und späte Vorstufen von 60S Ribosomen 

anzureichern. Die Beteiligung der großen Zahl an RBF am Aufbau des Ribosoms 

(~200) und die Anzahl an gecrosslinkten 60S Vorstufen (12) im Zusammenhang mit 

der enormen Größe und der Variabilität dieser Partikel machen diesen Datensatz zu 

einem der größten XL-MS Datensätze zu affinitäts-basiert angereicherten 

Proteinkomplexen. Im dritten Manuskript dieser kumulativen Doktorarbeit wurden die 

Probleme und Limitierungen betrachtet, die mit solch großen XL-MS Datensätzen 

einhergehen und dabei wurde ein neuer Weg gefunden, um Inter-Protein-Crosslinks 

in Datensätzen von mittlerem und großem Umfang zu filtern. Die Umsetzung und 

Anwendung des sogenannten Mono- und Intralink Filters (mi-Filter) verbesserte die 

Falscherkennungsrate (engl. False Discovery Rate, kurz FDR) für Inter-Protein-

Crosslinks dramatisch. Dadurch konnten sowohl 22 bislang nicht modellierte als auch 

2 potentiell neue Assemblierungsfaktoren an Vorstufen von ribosomalen Partikeln 

positioniert werden, was die Gesamtzahl an positionierten 60S Biogenese-Faktoren 

um mehr als 40 % erhöhte. Vor allem konnte durch diese Analyse die transiente 

Interaktion zahlreicher Proteine erfasst werden, darunter einige bislang 

uncharakterisierte DEAD-box ATPasen, die bei 60S Ribosombiogenese eine Rolle 

spielen. Zusätzlich ermöglichte die Analyse der quantitativen Proteomik-Daten 

sowohl eine detaillierte Rekonstruktion der zeitlichen Abfolge der Beteiligung von 

Assemblierungsfaktoren an 60S Ribosombiogenese, als auch die Identifikation von 9 

potentiell neuen RBF. Paarweise Vergleiche der Korrelation der Abundanz 

verschiedener RBF mit sogenannten „Marker-“ RBF, die spezifisch mit einer 

bestimmten strukturellen Vorstufe von 60S Ribosomen wechselwirken, ermöglichte 

es, zeitlich aufgelöste Information zu Gewinnen. Wir zeigen mit diesem Ansatz, der 

quantitative und strukturelle MS Daten sowie vorhandene Kryo-EM Strukturen 

miteinbezieht, die neue Positionierung der DEAD-box ATPasen Dbp9 und Dbp10 

sowie der Assemblierungsfaktoren Noc2 und Ecm1 an Vorstufen von ribosomalen 

Partikeln und geben Aufschluss über deren molekulare Funktion bei der 

Ribosombiogenese. Außerdem konnte mit Hilfe dieser Analyse ein umfangreiches 
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Interaktionsnetzwerk der Casein Kinase II (Ck2) während der 60S 

Ribosombiogenese aufgezeigt werden, obwohl diese bislang nur als 

Assemblierungsfaktor für 40S Ribosomen galt. Künftige strukturelle, biophysikalische 

und biochemische Studien an 60S Ribosombiogenese können von diesem Datensatz 

profitieren, da er dabei helfen kann, Eigenschaften von Kryo-EM Strukturen zu 

interpretieren und neue Reinigungsstrategien zu entwickeln um bestimmte 

Funktionen von transient assoziierten RBF an prä-ribosomalen Partikeln zu 

untersuchen. 
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3. Results 
 

3.1. Manuscript 1: Structural dynamics of the E6AP/UBE3A-E6-p53 enzyme-
substrate complex. Nature communications 2018. 

 

3.1.1. Authors 
 
Carolin Sailer 1, 3, Fabian Offensperger 1, 3, Alexandra Julier 1, Kai-Michael Kammer 1, 

Ryan Walker-Gray 2, Matthew G. Gold 2, Martin Scheffner 1, * and Florian Stengel 1, * 

 

3.1.2. Affiliations 
 
1 University of Konstanz, Department of Biology, Universitätsstrasse 10, 

78457 Konstanz, Germany 
2 Department of Neuroscience, Physiology & Pharmacology, University College 

London, Gower Street, London, WC1E 6BT, United Kingdom 
3 These authors contributed equally 
* Correspondence should be addressed to: martin.scheffner@uni-konstanz.de & 

florian.stengel@uni-konstanz.de 

 

3.1.3. Abstract 
	
Deregulation of the ubiquitin ligase E6AP is causally linked to the development of 

human disease, including cervical cancer. In complex with the E6 oncoprotein of 

human papillomaviruses, E6AP targets the tumor suppressor p53 for degradation, 

thereby contributing to carcinogenesis. Moreover, E6 acts as a potent activator of 

E6AP by a yet unknown mechanism. However, structural information explaining how 

the E6AP-E6-p53 enzyme-substrate complex is assembled, and how E6 stimulates 

E6AP, is largely missing. Here, we develop and apply different crosslinking mass 

spectrometry-based approaches to study the E6AP-E6-p53 interplay. We show that 

binding of E6 induces conformational rearrangements in E6AP, thereby positioning 

E6 and p53 in the immediate vicinity of the catalytic centre of E6AP. Our data provide 

structural and functional insights into the dynamics of the full-length E6AP-E6-p53 

enzyme-substrate complex, demonstrating how E6 can stimulate the ubiquitin ligase 

activity of E6AP while facilitating ubiquitin transfer from E6AP onto p53. 
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3.1.4. Introduction 
 

In eukaryotes, covalent modification of proteins by ubiquitin (ubiquitylation) plays a 

pivotal role in the regulation of many key cellular processes, including cell cycle, DNA 

metabolism (e.g., DNA repair), and various signal transduction pathways 1, 2, 3. The 

specificity of the ubiquitin-conjugation system is mainly ensured by E3 ubiquitin 

ligases, which mediate the recognition of target proteins. Based on the presence of 

distinct domains and their mode of action, E3 ligases have been grouped into three 

families, RING/RING-like E3s, RING-between-RING (RBR) E3s, and HECT E3s 4, 5. 

In a simplified view, all E3s have at least two binding sites, one for substrate proteins 

and one for cognate E2 ubiquitin-conjugating enzymes. However, while RBR E3s 

and HECT E3s form a covalent intermediate with ubiquitin and transfer it to their 

targets, RING/RING-like E3s function mainly as adaptors facilitating the direct 

transfer of ubiquitin from the E2 to the substrate. 

Deregulation of ubiquitylation - at the substrate level or at the level of the conjugation 

machinery - has been causally involved in the development of human disease, 

including cancer, neurological disorders, and viral infections 1, 6, 7, 8, 9. A prominent 

example is provided by E6AP, the founding member of the HECT (homologous to 

E6AP C terminus) E3 family 10, 11. E6AP was originally identified as a cellular 

interaction partner of the E6 oncoprotein of so-called high risk human 

papillomaviruses (HPVs) such as HPV-16, which cause anogenital cancers, most 

notably cancer of the uterine cervix 12, 13. In complex with E6, E6AP targets the tumor 

suppressor p53 and other proteins - which in the absence of E6 are not targeted by 

E6AP - for ubiquitylation and degradation by the 26S proteasome, thereby 

contributing to HPV-induced cervical carcinogenesis 14, 15, 16. E6AP is encoded by the 

UBE3A gene, which is located on chromosome 15q11-13. In 1997, it was shown that 

genetic alterations of the UBE3A gene, resulting in loss of E6AP expression or in the 

expression of E6AP variants with compromised E3 activity, are the cause of the 

Angelman syndrome (AS), a neurodevelopmental disorder 17, 18, 19, 20. However, 

although several potential substrate proteins of E6AP have been reported, including 

HHR23A and HHR23B, AIB1, PML, alpha-Synuclein, Ring1B, and Arc 21, 22, 23, 24, 25, 26, 

27, the pathophysiologic relevance of these interactions remains mostly unclear. More 

recently, it was reported that amplification of the chromosomal region containing the 

UBE3A gene is found in individuals with Dup15q syndrome, an autism spectrum 
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disorder 28, 29. Although final proof that amplification of the UBE3A gene underlies the 

Dup15q syndrome is missing, experiments in mice and fruit flies support the notion 

that increased E6AP levels result in autistic phenotypes 30, 31.  

The findings that alteration of the substrate spectrum (cervical cancer), loss of E3 

function (AS), and increased E3 function (Dup15q) of E6AP contribute to the 

development of distinct disorders indicate that expression and/or E3 activity of E6AP 

have to be tightly controlled. Indeed, in certain brain areas the paternal allele is 

silenced by a UBE3A antisense transcript (i.e. in these areas, E6AP is mainly 

expressed from the maternal allele and genetic alterations of the maternal allele are 

responsible for AS development) 32, and recent evidence indicates that the 

phosphorylation status of T485 (numbering according to isoform 1 of human E6AP 33) 

affects E6AP activity 34. In addition, there is strong evidence that the E3 activity of 

E6AP can be activated by interacting proteins. HERC2, a giant HECT E3, binds to a 

region within the N-terminal 200 amino acid residues of E6AP and somehow 

stimulates the E3 activity of E6AP 35. Mutations in the HERC2 gene, which result in 

increased degradation of HERC2 and, thus, in decreased expression levels, have 

been etiologically associated with an AS-like syndrome pointing to the importance of 

the HERC2-E6AP interaction 36. Similarly, the E6 oncoprotein not only alters the 

substrate spectrum of E6AP, but also acts as a potent activator of E6AP by a yet 

unknown mechanism 37. 

The data obtained with HERC2 and the E6 oncoprotein 35, 37 suggest that E6AP 

exists in at least two inter-converting conformational states of higher and lower 

activity. However, while the structure of the catalytic HECT domain was solved 

almost two decades ago 38, there is little structural information concerning full-length 

E6AP or for the N-terminal part of E6AP, with the exception of the AZUL domain 39 

and the E6 binding region 40. 

Similarly, the crystal structure of E6 bound to an E6AP-derived peptide of 12 amino 

acids containing the LQELL motif and to the DNA binding domain of p53 was recently 

solved 41. While revealing the role of the E6-binding region of E6AP in assembling 

the E6-p53 interaction, the structure did not provide any insight into how full-length 

E6AP is oriented towards E6 and p53 in the E6AP-E6-p53 complex and how the E3 

activity of E6AP becomes stimulated by interaction with E6. 

Yet, this information is essential for a molecular understanding of how interaction 

partners regulate E6AP activity. Thus, in this study, we developed and applied 
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different approaches in structural mass spectrometry (MS), in particular, chemical 

crosslinking coupled to MS (XL-MS) to study the effect of the E6 oncoprotein on 

E6AP conformation. The general approach of XL-MS is to introduce covalent bonds 

between proximal functional groups of proteins or protein complexes by crosslinking 

reagents. The actual crosslinking sites are subsequently identified by MS and reflect 

the spatial proximity of regions within a given protein (intralinks) or of subunits in a 

protein complex (interlinks) (for recent reviews, see 42, 43). Thereby, XL-MS provides 

a wealth of information on the connectivity, interaction, and relative orientation of 

regions within a protein and of subunits within a complex, and also contains spatial 

information in itself, though at a relatively low resolution.  

Using qualitative and quantitative XL-MS approaches, we show that binding of the E6 

oncoprotein induces conformational changes within full-length E6AP. In addition, we 

provide evidence that E6 does not only contact the originally identified E6 binding site 

of E6AP, but also comes into close proximity to the catalytic HECT domain and 

positions the HECT domain next to its substrate p53. Taken together, our data 

provide molecular and structural insights into how the E6 oncoprotein stimulates the 

E3 activity of E6AP as well as into the full-length E6AP-E6-p53 enzyme-substrate 

complex. 

 

3.1.5. Results 
 

Binding of E6 induces conformational rearrangement of E6AP 
Even though reasonable amounts of highly purified E6AP can be generated, 

attempts to obtain high-resolution structures of full-length E6AP, by ourselves and 

other groups, have so far been unsuccessful for unknown reasons. Therefore, XL-MS 

was applied as an alternative method to obtain insight into protein structure and in 

particular into structural rearrangements induced by an interacting partner 42, 43, 44. 

We applied isotopically labeled disuccinimidyl suberate (DSS) to crosslink highly 

purified E6AP (Supplementary Figure 1) and determined the crosslinking pattern 

within full-length E6AP (for a general overview of the susceptibility of lysine residues 

to crosslinking in this study, see Supplementary Figure 2). We identified 145 unique 

lysine-lysine contact sites (uxIDs) within full-length E6AP, corresponding to 396 

unique crosslinks that were identified in total over 3 biological replicates 

(Supplementary Data 1). Fig. 1A shows the overall distribution of high-confidence 
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crosslinks that were reproducibly and consistently identified between different 

biological replicates. Crosslinks were identified over the entire length of E6AP, 

encompassing all known functional regions, i.e. the AZUL and HECT domains and 

the HERC2 and E6 binding sites.  

 

 
 

Fig. 1 Binding of E6 induces a conformational rearrangement of E6AP. Pattern 
of intralink distribution within E6AP as determined by XL-MS in the absence of the 
HPV E6 oncoprotein (a), with wild-type (wt) E6 (b), and with the E6_L50E mutant, 
which does not bind to E6AP (c). Intralinks are shown in dark blue and interlinks in 
dark green; lysine residues are shown in black. The catalytic cysteine residue of 
E6AP at position 820 is indicated in red. The AZUL domain, HERC2 and E6 binding 
sites, and the HECT domain are indicated in pastel green, sulfur yellow and sand 
yellow, respectively. Regions in E6 representing zinc finger motifs are colored in 
pastel turquoise and the PDZ binding domain is colored in mint turquoise. Changes 
in crosslink abundance for each unique crosslinking site with E6AP upon binding of 
wild-type E6 were used to calibrate and normalize the quantitative XL-MS (q-XL-MS) 
data (d). Changes are expressed as fold change (log2 ratio of abundance of E6AP in 
the presence of E6 versus abundance of E6AP alone). The horizontal red line 
indicates the significance threshold (fold change: log2ratio ≤ ±1.5). Changes in 
monolinks are shown in blue and significantly changed intralinks within E6AP are 
shown in green (relative increase upon binding of E6) and red (relative decrease 
upon binding of E6), respectively. The p values for each quantified link are indicated. 
Applying q-XL-MS to recombinantly expressed E6AP in the presence or absence of 
wild-type E6 identifies numerous high-confidence crosslinks (e). Only crosslinks that 
could be reproducibly quantified from the pool of identified high-confidence crosslinks 
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in both samples (with and without E6) (n=3, each sample analyzed additionally as 
technical duplicate) and consistently over 3 different biological replicates are shown 
(violation=0; p value ≤ 0.01 (two sided t-test)). Depicted in green are crosslinks that 
were found to be significantly upregulated upon binding of E6, while down regulated 
links are shown in red (defined as a log2 change of ≥ ± 1.5). Crosslinks with no 
significant change are depicted in grey while links that could not be reliably quantified 
are show with a dashed line in light grey. Quantification of the change in abundance 
of identified intralinks within E6AP, when incubated with the binding-deficient 
E6_L50E mutant vs. E6AP alone, reveals no significant up- or down-regulated links 
(f). For monolinks, see Supplementary Figure 5. 
 

We next repeated the experiment in the presence of the HPV-16 E6 oncoprotein (E6; 

note that a GST-E6 fusion protein was employed), identifying 146 unique uxIDs, 

corresponding to 408 unique crosslinks that were identified in total over 3 biological 

replicates (Supplementary Data 2). Remarkably, in addition to the expected interlinks 

between E6AP and E6, the presence of E6 had a noticeable effect on the 

crosslinking pattern within E6AP itself, leading to diminished crosslinking within the 

central region of the protein (i.e. the region of E6AP between the AZUL and the 

HECT domain) (Fig. 1B). To corroborate that changes in the crosslinking pattern 

were caused by interaction between E6AP and E6, we repeated the experiment 

using the L50E mutant of E6 (E6_L50E; a GST fusion protein was employed). 

E6_L50E binds only weakly to E6AP, if at all, 40 and consequently does not stimulate 

the E3 activity of E6AP, as demonstrated by its inability to rescue E6AP 

autoubiquitylation in the presence of the hydrophobic patch mutant UbLIA 

(Supplementary Figure 3) 37. In the presence of E6_L50E, we identified 131 unique 

lysine-lysine contact sites, which correspond to 325 unique crosslinks identified in 

total over 3 biological replicates (Supplementary Data 3; for a direct comparison of all 

crosslinked peptides under the various conditions see Supplementary Data 4). 

Importantly, interlinks between E6AP and the E6 mutant were almost completely 

absent, supporting previous findings that the ability of the mutant to bind E6AP is 

impaired 40 and demonstrating the veracity of our approach. Moreover, unlike wild-

type E6, E6_L50E had little effect on the crosslinking pattern within E6AP itself (Fig. 

1C). Taken together, the distinct crosslinking patterns obtained suggest that E6AP 

undergoes a structural rearrangement upon binding of E6. 

The above findings are in line with our recent experiments showing that the E6 

oncoprotein acts as a potent activator of the E3 function of E6AP 37 in addition to 
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affecting the substrate spectrum of E6AP. In fact, our initial crosslinking 

measurements are consistent with E6 stabilizing a high-activity conformation of 

E6AP. To dissect the structural basis of this reorganization in more detail, we next 

employed differential or quantitative XL-MS q-XL-MS), whereby identified crosslinks 

are quantified via their MS1 or MS2 intensities 43. This technique is a recent 

innovation 43, 45 that is proving to be valuable for analyzing protein conformations 

under different conditions 44. In order to normalize the data and also to identify the 

subset of significantly changed crosslinks, we plotted the quantitative change in the 

abundance of monolinks within E6AP in the absence and presence of E6 (Fig. 1D), 

reasoning that monolink formation is dictated primarily by accessibility of a lysine 

residue and its local environment (e.g. surrounding amino acid composition, 

secondary structure etc.) and therefore only on rare occasions, if at all, influenced by 

conformational dynamics of the protein. Doing this, we identified the vast majority of 

changes in monolink abundances fluctuating within a range of log2ratio ≤ ±1.5. Thus, 

in this study, only changes that showed at least a change of log2ratio ≥ ±1.5 and a p-

value of ≤ 0.01 using a two sided t-test were considered significant changes in 

crosslink abundance. 

Applying the above criteria to the set of identified crosslinks allowed us to probe the 

relative changes in the crosslinking patterns of E6AP in the absence and presence of 

E6 and to quantify a number of 129 unique linking sites (106 crosslinks and 23 

monolinks) over different biological states and replicates (Supplementary Data 5). 

Fig. 1E shows all 106 crosslinks that were reproducibly and consistently quantified 

(violation=0; p value ≤ 0.01 (two sided t-test); Supplementary Figure 4). Shown in 

green are crosslinks that were found to be increased or upregulated upon binding of 

E6, while decreased or down-regulated links are shown in red (defined as a log2 

change of ≥ +/- 1.5). 

The majority of crosslinks did not substantially change in abundance (depicted in 

grey, Fig. 1E), indicating that large areas of E6AP are unaffected by the presence of 

E6. However, crosslinking was markedly altered within two prominent features that 

clearly indicate conformational dynamics within E6AP. First, multiple crosslinks within 

the HECT binding domain as well as emanating from it towards the E6 binding region 

decreased in the presence of E6 (red, Fig. 1E). However, more striking were a 

collection of crosslinks between the N- and C-terminal regions of E6AP that were 

significantly upregulated upon binding of E6, in some cases exceeding a 100-fold 
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increase in intensity (green, Fig. 1D, 1E; Supplementary Data 5, 13, 14). To confirm 

that these changes resulted from binding of E6 to E6AP, rather than its mere 

presence, we performed equivalent q-XL-MS experiments with the E6_L50E mutant. 

As expected, no significant up- or down-regulated links were detected (Fig. 1F, 

Supplementary Figure 5, Supplementary Data 6, 15, 16). Taken together, our q-XL-

MS data therefore indicates that upon binding, E6 induces a conformational 

rearrangement of E6AP that brings the N- and C-terminal regions into closer 

proximity. 

 

SILAC-XL-MS reveals weak interactions between E6AP N-termini 
Determination of the crystal structure of the isolated HECT domain of E6AP revealed 

that the HECT domain can assume a homo-trimeric conformation 38. While solution 

binding experiments and mutational analysis indicated that trimer formation was an 

artefact of crystal packing 38, more recent kinetic and modelling experiments 46, 47 

suggest that to display E3 ligase activity, E6AP may have to form homo-trimers. A 

possible explanation for these seemingly contradictory results is that oligomeric 

E6AP-E6AP interactions are transient and too fleeting to be detected by conventional 

solution binding assays. In principle, low affinity protein-protein interactions can be 

stabilized by suitable crosslinkers 48. However, conventional XL-MS cannot readily 

distinguish between intra-subunit crosslinks and inter-subunit crosslinks between 

individual protomers within a homo-oligomer (with the exception of sequence 

identical peptides that are bijective within the particular protein sequence). While it 

has been shown that homodimeric complexes can in principle be reconstituted from 

mixtures of 14N/15N-labeled subunits 49, 50, 51, 52, this approach is not readily extensible 

to larger complexes. To address this shortcoming, we combined XL-MS with stable 

isotope labeling with amino acids in cell culture (SILAC) 53.  

We first tested and validated our SILAC-XL-MS workflow using the known 

homodimer Glutathione S-transferase (GST) from Schistosoma japonicum. We 

expressed GST in an E. coli strain that is auxotrophic for lysine and arginine 54 using 

minimal media supplemented with either light lysine/arginine or heavy isotope-

labeled lysine (D4; K+4.025108 Da) / arginine (13C6 & 15N4: R + 10.00826 Da). 

‘Heavy’ and ‘light’ GST were purified separately. Subsequently, the resulting protein 

preparations were crosslinked and analysed using an adapted version of the xQuest 

software suite (Methods). We then compared the pattern of links after crosslinking 
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either light GST alone (Supplementary Data 7), or a mixture of light and heavy GST 

(Supplementary Data 8). As expected, ‘heavy’ peptides were only identified in 

samples containing heavy GST (Supplementary Figure 6A). Crosslinks between 

‘light’ and ‘heavy’ peptides clustered to lysines close to the dimer interface, with the 

highest scoring peptide bridging lysines K10 and K124, which align at the dimer 

border (Supplementary Figure 6B). Having validated our approach for analysing 

oligomeric contacts by XL-MS and SILAC with a known dimer, we next analysed 

E6AP using the same approach. Control experiments confirmed that SILAC labeling 

of E6AP had no influence on its E3 activity (Supplementary Figure 6C). ‘Light’ and 

‘heavy’ E6AP preparations were mixed in a 1:1 ratio. As E6AP oligomers are not 

stable under the conditions used for purification (Supplementary Figure 6D and 

Methods), this should result in the formation of mixed oligomers consisting of 'light' 

and 'heavy' E6AP molecules, assuming E6AP oligomers exist.  

Homomeric interlinks within E6AP detected by SILAC-XL-MS are shown in Fig. 2 in 

the absence (Fig. 2A) and presence of E6 (Fig. 2B). Here, we identified 109 unique 

lysine-lysine contact sites (uxIDs) within full-length E6AP in the absence of E6, 

corresponding to 379 unique crosslinks (containing 204 light-light,168 heavy-heavy 

and 7 light-heavy links) that were identified in total over 3 biological replicates 

(Supplementary Data 9). In the presence of E6, we identified 108 unique lysine-lysine 

contact sites (uxIDs) within full-length E6AP, corresponding to 383 unique crosslinks 

(containing 204 light-light,172 heavy-heavy and 7 light-heavy links) (Supplementary 

Data 10). Comparison of the two patterns of light-heavy interlinking indicates that E6 

does not significantly alter E6AP oligomerization, as suggested previously 46. The 

identified homodimeric links are located in the N-terminal part of E6AP, i.e. the N-

termini interact with each other in the establishment of the E6AP homo(di)mer, even 

though the relatively low number of identified interlinks cautions us to make an 

unambiguous assignment in terms of binding sites within the E6AP homo(di)mer. 

However, it is interesting to note that none of the detected interlinks is located within 

the C-terminal half of E6AP comprising the HECT domain, where the oligomerization 

site has been previously proposed to be located 46, 47. In summary, while the absence 

of crosslinks does not unambiguously prove that there is no interaction, our SILAC-

XL-MS data suggests that E6AP can engage in homo-oligomeric interactions, but 

these are likely not mediated through the HECT domain, and that oligomerization is 

not initiated or intensified by E6. 
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Fig. 2 SILAC-XL-MS reveals weak interactions between E6AP N-termini. 
Identified interlinks between two E6AP protomers (i.e. heavy and light version of 
E6AP). Shown are the interlinks in the absence (a) and presence of E6 (b).  
 

E6 contacts the HECT domain of E6AP 
We previously demonstrated that XL-MS can be used to predict and identify protein-

protein interaction sites with high precision 55. We therefore had a closer look at the 

identified crosslinks between E6AP and E6 (Fig. 3A, 3B). Up to now, a major part of 

E6AP has resisted structural analysis. This region spans residues 60-500 (numbering 

according to human E6AP isoform 1 33) and is predicted to be mostly folded, except 

for two small intrinsically unfolded stretches comprising residues 100-150 and 370-

400, which contain or are adjacent to the interaction regions for the E3 ligase HERC2 

and E6, respectively 35, 56. Nonetheless, the majority of identified interlinks between 

E6AP and E6 are located within the three regions of E6AP that could be resolved at 

high resolution (Fig. 3B, Supplementary Data 2). One of these links, E6AP_K350 – 

E6_K94, confirms the known E6 binding site, as it links E6 with the lysine that is 

closest to the small part of the central region of E6AP (residues 380-394) 

encompassing the helical LQELL motif, which is bound to E6 in the crystal structure 
40, 41, 56. Some identified crosslinks fall within the very N-terminal region (residues 1-
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64) which contains a zinc-binding module termed AZUL domain and whose structure 

has been solved by NMR 39; however, as we identify crosslinks to K7 of E6AP in all 

experiments, this interaction should be regarded with a certain amount of reservation, 

as it might be caused by the very flexible and reactive nature of this particular lysine 

residue.  

Remarkably, most of the identified interlinks fall within the C-terminal region (residues 

495-852) of E6AP that comprises the HECT domain, the structure of which has been 

solved by X-ray crystallography 38. Altogether, we were able to detect 4 unique uxID 

crosslinking sites between E6AP and E6 with a total of 10 unique crosslinks (and a 

total of 127 unique crosslinks including intralinks) within the HECT domain of E6AP. 

Intriguingly, all of the interlinks are located around or very near the catalytically active 

cysteine in E6AP at position C820 11. These crosslinks connect the HECT domain of 

E6AP directly with the two homologous zinc-binding domains in E6, which 

themselves adopt an α-β fold connected by a linker helix 40, 41.  

The richness of the crosslinking data allowed us to model this previously undescribed 

binding site using Bayesian crosslinking guided integrative structural modelling 57, 58. 

Using the crosslinking dataset (Supplementary Data 2) and the high-resolution 

structures of the HECT domain of E6AP (PDB: 1C4Z) and of E6 (PDB: 4XR8) as an 

input for our modelling approach (see Methods), we derived an unbiased, highly 

reproducible and robust model for the E6AP – E6 binding interface, where the 

sampling runs converged onto one main cluster of structural solutions 

(Supplementary Figure 7). The average precision for the E6 main cluster was ~6 Å, 

while E6AP was used as reference to align to, using a root-mean-square deviation 

(rmsd) cut-off for clustering of 5 Å (Supplementary Figure 7). 

In this model, E6 is firmly placed next to the catalytic centre of the HECT domain and 

adjacent to the known E2 binding site (for clarity, the cognate E2 of E6AP, UbcH7, 

was added 38) (Fig. 3C). Our crosslinking data together with the crosslinking-based 

modelling therefore identify a E6AP-E6 binding site that is in direct vicinity to the 

catalytic centre of the HECT domain and does not overlap with the known E2 binding 

site 38. This indicates that the HECT domain can simultaneously interact with E6 and 

cognate E2s, thereby ensuring efficient ubiquitylation of substrate proteins. 
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Fig. 3 E6 contacts the HECT domain of E6AP. Shown are the identified interlinks 
between E6AP and E6 (a). Lysine residues and regions of known functions within 
E6AP and E6 are color-coded as in Fig. 1. List with identified interlinks between 
E6AP and E6 (b). Numbering is according to human E6AP isoform 1 33. Links which 
can be mapped to existing PDB structures (4XR8; 1C4Z) are highlighted. Structural 
model of the binding interface between the HECT domain of E6AP and E6 (c). The 
localization densities of the HECT domain of E6AP (residues 495-846) and E6 
(residues 1-151) are shown in sand yellow and light green, respectively, with a single 
representative ribbon structure embedded. For clarity, UbcH7, a cognate E2 of 
E6AP, was also added and is shown in yellow (PDB: 1C4Z). Detected interlinks 
between E6 and E6AP that map to PDB structures 4XR8 and 1C4Z, respectively, are 
highlighted in orange. The catalytic cysteine on position C820 in the HECT domain of 
E6AP is shown as a red ball. The model is shown from the top (left) and from a side 
view (right). 
 

Distinctive binding sites within the E6AP-E6-p53 complex 
Besides the interaction with E6 and cognate E2s, it can be postulated that the HECT 

domain of E6AP also comes into close proximity to substrate proteins for subsequent 

ubiquitylation. The tumor suppressor p53 is the best characterized substrate of the 
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E6-E6AP complex 14, 15, 16. Thus, we included purified recombinant p53 

(Supplementary Figure 9) to assemble the E6AP–E6–p53 enzyme-substrate 

complex. Following crosslinking with DSS, we were able to identify 105 unique 

lysine-lysine contact sites, corresponding to 305 unique crosslinks that were 

identified in total over 3 biological replicates within and between full-length E6AP, E6, 

and p53 (Supplementary Data 11).  

We identify several links that firmly connect the DNA binding region of p53 with the 

HECT domain of E6AP and also with the N-terminal zinc finger in E6. There is also 

an additional crosslink between the HECT domain of E6AP and the C-terminal 30 

amino acids of p53 (E6AP_K799 - p53_K373) (Fig. 4A, 4B; Supplementary Data 11). 

Concerning the interaction of E6 with E6AP, the links not only contained the one 

close to the helical LQELL E6 binding motif but also the majority of the crosslinks 

between E6 and the HECT domain identified above in the experiments to Fig. 3A, 3B 

(Fig. 4A). In fact, looking at the picture that emerges from the entirety of identified 

E6AP – E6 interlinks, the crosslinking pattern between E6AP and E6 in the presence 

of p53 almost exactly corresponds to the one in the absence of p53, indicating that 

the identified binding pattern between E6AP and E6 is also relevant during the 

formation of the enzyme-substrate complex (Fig. 4A, 4B; Supplementary Data 11). 

Moreover, the same two lysine residues that are located within the HECT domain of 

E6AP and which make up half of the unique crosslinking sites between E6AP and E6 

are also involved in crosslinks formed between p53 and E6AP. This indicates that 

within the E6AP-E6-p53 enzyme-substrate complex, E6 and p53 are positioned next 

to each other and in close proximity to the catalytic centre of the HECT domain.  
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Fig. 4 Distinctive binding sites within the E6AP-E6-p53 complex. Shown are the 
identified interlinks between E6AP, E6, and p53 (a). Lysine residues and regions of 
known functions within E6AP and E6 are color-coded as in Fig. 1. Functional 
domains in p53 – transactivation domain, DNA binding domain, oligomerization 
domain and regulatory region – are shown in signal white, grey white, telegrey, and 
white aluminium, respectively. Crosslinks between sequence identical peptides that 
are bijective within the particular protein sequence are shown as red loops. List with 
identified interlinks between p53, E6AP, and E6 (b). Numbering is according to 
human E6AP isoform 1 33. Links which can be mapped to existing PDB structures 
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(4XR8; 1C4Z) are highlighted. Structural model of the binding interface between the 
HECT domain of E6AP, E6, and p53 (c). The localization densities of the HECT 
domain of E6AP (residues 495-846), E6 (residues 1-151), and p53 (residues 94-292) 
are shown in sand yellow, light green, and telegrey, respectively, with a single 
representative ribbon structure embedded. For clarity, UbcH7, a cognate E2 of E6AP 
was also added and is shown in yellow (PDB: 1C4Z). Detected interlinks between 
E6, p53, and E6AP that map to PDB structures 4XR8 and 1C4Z, respectively, are 
highlighted in orange. The catalytic cysteine at position C820 in the HECT domain of 
E6AP is shown as a red ball. Residue K292 of p53 (most C-terminal lysine residue in 
the model) is shown as a grey ball. The model is shown from a side view (left), using 
the exact same view as in Fig. 3 right panel, and rotated around its axis (right). 
 

Applying crosslinking guided integrative modelling corroborates these findings. Using 

the crosslinking dataset from the E6AP-E6-p53 complex (Supplementary Data 11) 

and including E6 and p53 into a single rigid body 41 in order to enforce the 

established interface between the two proteins leads again to a highly reproducible 

and robust model, where sampling runs converged onto one main cluster 

(Supplementary Figure 7). For the E6AP-E6-p53 complex, the average precision for 

the main cluster was ~7 Å for p53 and ~5 Å for E6, while E6AP was again used as 

reference to align to with an rmsd cut-off for clustering of 5 Å (Supplementary Figure 

7). Comparing this model to our model on the E6AP-E6 alone dataset and using the 

same view as in Fig. 3C (right panel) shows that the E6AP-E6 binding interface 

between E6AP and E6 is very similar (Fig. 4C, left panel). In our model of the E6AP-

E6-p53 interface, E6 is firmly placed next to the catalytic centre of the HECT domain 

and adjacent to the E2 binding site (for clarity, UbcH7 was also added). Here, p53 is 

located adjacent to E6 and the catalytic centre of E6AP (Fig. 4C, left panel). Rotating 

the model around its axis highlights the distance between the potential ubiquitylation 

sites within the DNA binding domain of p53 59 and the catalytic cysteine residue of 

E6AP (Fig. 4C, right panel). 

In conclusion, our crosslinking data together with the crosslinking-based modelling 

confirms that the previously undescribed E6AP-E6 binding site is also formed in the 

presence of a substrate (i.e. p53) and strongly indicates that both E6 and the 

substrate p53 are located in direct vicinity to the catalytic centre of E6AP within the 

enzyme-substrate complex. 
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3.1.6. Discussion 
	
This study presents a set of experiments where different approaches in structural 

mass spectrometry were applied in order to obtain insight into how (i) the E6 

oncoprotein of cancer-associated HPVs stimulates the E3 ligase activity of E6AP, 

and (ii) E6AP, E6, and the tumor suppressor p53 are structurally and functionally 

arranged within the E6AP-E6-p53 enzyme-substrate complex. It also highlights an 

innovative approach to study structural aspects and dynamics of protein-protein 

interactions within E3 ligase-substrate complexes, in particular when using full-length 

proteins. 

In a first set of experiments, crosslinking of E6AP in the absence and presence of the 

HPV-16 E6 oncoprotein revealed distinctive crosslink patterns, which suggested that 

E6AP undergoes a structural rearrangement upon binding of E6. This finding is in 

line with recent data, where we showed that in addition to affecting the substrate 

spectrum of E6AP, the E6 oncoprotein is a potent activator of E6AP 37. While this 

indicated that E6AP can adopt high and low activity conformations, structural 

evidence for this hypothesis was lacking prior to this study. Using q-XL-MS and our 

developed data analysis workflow that allows to normalize the data and exclude 

potential influences on the crosslinking behavior not caused by conformational 

dynamics of the protein complex itself, we obtained evidence that binding of the E6 

oncoprotein induces a conformational rearrangement within E6AP that brings the N- 

and C-terminal regions into closer proximity and/or stabilizes interactions between 

these regions. This finding strongly supports the conclusion derived from biochemical 

analyses that the N-terminal region of E6AP plays an important role in E6AP-

mediated ubiquitin chain formation 37. 

The isolated HECT domain of E6AP can homo-trimerize in the context of a crystal 

lattice 38 but the functional relevance of this oligomerization is not clear. However, 

recent kinetic and modelling experiments 46, 47 suggest that in order to function as an 

E3 ligase, E6AP may have to form homo-trimers. To resolve these ambiguities, and 

to test for possible low affinity interactions between different E6AP molecules that are 

not readily detected by conventional means, we used XL-MS in combination with 

SILAC. Data obtained by this approach, which we termed SILAC-XL-MS, indicate 

that E6AP is capable of engaging in homo-oligomeric contacts. However, these 

interactions are not mediated via the HECT domain and do not appear to be initiated 

or intensified by the E6 oncoprotein, as suggested previously 46, 47. While it cannot be 
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excluded that the GST E6 fusion protein used in this study was, at least in part, 

oligomeric, this also clearly indicates that the oligomerization status of E6 does not 

affect the oligomerization behaviour of E6AP. To obtain further insight into the 

potential oligomerization behavior of E6AP, it will be important to compare the 

crosslinking pattern of the isolated N-terminal region of E6AP (i.e. a truncation 

mutant of E6AP devoid of the HECT domain), the isolated HECT domain, and full-

length E6AP. We also noticed that the number of uxIDs are lower in experiments, 

where SILAC was used in combination with crosslinking. This may be explained by a 

direct effect of SILAC on the efficiency of crosslink identification. However, as the 

number of overall identified unique crosslinks are roughly similar in SILAC and non-

SILAC crosslinking experiments, this effect may alternatively be explained by the 

relative smaller amount of peptides that was loaded on the column (i.e. the same 

total peptide amount loaded onto the LC MS/MS column should translate to half the 

amount of light E6AP peptides being present in the SILAC vs the non-SILAC 

sample). 

Next, we used XL-MS and integrative modelling to probe protein-protein contact sites 

between E6AP and the E6 oncoprotein. In doing so, we not only confirmed the 

known interaction site between E6AP and E6 40, 41, 56, but more importantly, identified 

an additional E6AP-E6 binding interface that is in direct vicinity to the catalytic 

cysteine residue of the HECT domain and does not overlap with the known E2 

binding site 38. This could in principle be explained by two E6AP binding sites on one 

E6 molecule or by binding of two E6 molecules to one E6AP molecule. Although we 

cannot distinguish between these possibilities directly, the crosslinks identified clearly 

show that two different regions of E6 are involved in the interaction with the known 

E6 binding site and with the HECT domain. It is therefore likely that one E6 molecule 

interacts with one E6AP molecule. This suggests the exciting possibility that upon 

binding, the E6 oncoprotein not only induces a conformational change in E6AP but in 

addition, may function as a cofactor in E6AP-catalyzed isopeptide bond formation. 

In a last set of experiments, we used XL-MS and integrative modelling to probe 

protein-protein contact sites between E6AP, the E6 oncoprotein, and their substrate 

p53. Here, we identified several interlinks between the HECT domain of E6AP and 

the DNA binding region as well as the C-terminal 30 amino acids of p53. Since the 

same lysine residues within the HECT domain are part of crosslinks that are formed 

between E6AP and E6 and crosslinks that are formed between p53 and E6AP, our 
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data strongly suggests that both E6 and p53 are simultaneously in contact with the 

HECT domain and in close proximity to its catalytic centre within the E6AP-E6-p53 

enzyme-substrate complex. As MS is an ensemble technology, it is fully conceivable 

that the HECT domain within the E6AP-E6-p53 enzyme-substrate complex in the one 

case forms a crosslink with the neighbouring E6 oncoprotein and in another with the 

adjacent p53 molecule. In this context, it is important to note that p53 forms a 

tetramer and this is presumably also the form of p53 that was present within the 

E6AP-E6-p53 complex investigated in this study, as indicated by the multiple 

identified crosslinks (red loops) between sequence identical peptides in p53 (Fig. 

4A). This is also in line with previous XL-MS studies of p53 alone, which identified 

intralinks and interlinks between different p53 molecules that were all located within 

the oligomerization domain and the C-terminal 30 amino acids of p53 52. In our study, 

we could not only identify several of those links, but detected a significantly larger 

amount of crosslinks that connect the DNA binding region with the C-terminal 30 

amino acids of p53. We therefore cannot discriminate by XL-MS for a given crosslink 

between E6AP and p53, with which of the p53 subunits of the proposed tetramer it 

interacts. This (p53 tetramer) may explain why in our model, the distance between 

the catalytic centre of E6AP and the nearest potential ubiquitylation site (K292) in the 

modeled p53 (i.e. DNA binding domain) is still ~12 Å (assuming 5 Å and 3 Å flexibility 

for a lysine or cysteine residue, respectively), a distance too large for a nucleophilic 

attack (i.e. transfer of ubiquitin from the cysteine residue of E6AP to the lysine 

residue of p53). Moreover, there is an additional crosslink between the HECT domain 

of E6AP and the C-terminal 30 amino acids of p53 (E6AP_K799 - p53_K373). As this 

region of p53 was not included in our modelling runs, as it is predicted to be 

disordered, it is possible that lysine residues within this region of p53 are even closer 

to the catalytic centre of E6AP than K292. Alternatively, it can be envisioned that the 

conformational rearrangement within E6AP that is induced by E6 binding (vide supra) 

may also result in a slight conformational rearrangement within the HECT domain 

itself, which would bring the catalytic centre into the required distance for the transfer 

of ubiquitin onto p53. Furthermore, a similar rearrangement of the HECT domain may 

occur, when ubiquitin is bound to the catalytic cysteine residue via a thioester bond.  

To address the latter possibility, it would be necessary to generate an E6AP 

population that is loaded with ubiquitin but in such a way that ubiquitin cannot be 

transferred from E6AP onto p53. Although this may in principle be possible (e.g., by 
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exchange of the catalytic cysteine residue by a lysine residue 60), it is a rather 

challenging task to generate amounts sufficient for XL-MS. Nonetheless, our 

crosslinking data together with the crosslinking-based modelling confirms that the 

previously undescribed E6AP-E6 binding site is also formed in the presence of a 

substrate (i.e. p53) and strongly indicates that both E6 and p53 are located in direct 

vicinity to the catalytic centre of E6AP within the enzyme-substrate complex. 

Our structural understanding of the role of E6AP in E6-E6AP-p53 trimer complex 

formation and in E6-mediated ubiquitylation of p53 was so far limited to a 12-amino-

acid peptide derived from E6AP 41. It was shown that E6, once bound to the LQELL 

motif of E6AP, exposes on its surface a large cleft that interacts with the p53 DNA 

binding domain (residues 94–292). Yet, while revealing the role of the E6-binding 

region of E6AP in assembling the E6-p53 interaction, the structure did not provide 

any insight into how full-length E6AP is oriented towards E6 and p53 in the E6AP-E6-

p53 complex and how the E3 activity of E6AP becomes stimulated by interaction with 

E6. Our approach did not only reveal distinctive binding sites within the E6AP-E6-p53 

enzyme-substrate complex, but also put us into the position to propose a model, by 

which the E3 activity of E6AP is activated in order to transfer ubiquitin onto its 

substrates (Fig. 5).  

 

 
 

Fig. 5 Model of E6-mediated ubiquitylation of p53. Model of E6-mediated 
ubiquitylation of p53 in the E6AP-E6-p53 enzyme substrate complex. Upon binding, 
E6 induces a conformational rearrangement in E6AP that brings the AZUL domain 
closer to the HECT domain. This leads to the concomitant positioning of E6 and the 
substrate p53 into the direct vicinity of the catalytic centre of E6AP within the 
enzyme-substrate complex. There, E6 now functions as an adaptor facilitating the 
direct transfer of ubiquitin from the HECT domain of E6AP to p53. 
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Upon binding, E6 induces a conformational rearrangement in E6AP that brings the 

AZUL domain closer to the HECT domain, such allowing the concomitant positioning 

of E6 and the substrate p53 into the direct vicinity of the catalytic centre of E6AP. 

There, E6 functions as an adaptor, and possibly as an enzymatic cofactor (see 

above), facilitating the direct transfer of ubiquitin to p53. 

In summary, by structural mass spectrometry we attained structural and functional 

insights into the dynamics of the full-length E6AP-E6-p53 enzyme-substrate complex, 

paving the way for a general understanding of how E6AP activity is controlled and 

how it can be manipulated in the treatment of E6AP-associated clinical pictures. 

 

3.1.7. Methods 
	
Protein expression and purification 
His-tagged human E1 enzyme (UBA1) was expressed in E. coli BL21 DE3 and 

purified via Ni-NTA affinity chromatography 61. The hydrophobic patch ubiquitin 

mutant UbLIA was expressed in E. coli BL21 DE3 and purified by size exclusion 

chromatography 35. His-tagged UbcH5b was expressed in E. coli BL21 DE3 and 

purified via Ni-NTA affinity chromatography 37. Fractions containing UbcH5b were 

pooled, dialyzed against 25 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, and 

stored at -80°C. 

His-tagged E6AP was expressed in E. coli Rosetta DE3 at 20°C overnight. Cell 

pellets derived from 1 L bacterial culture were resuspended in 30 mL of 25 mM Tris-

HCl pH 7.5, 50 mM NaCl, 0.1% Triton, 1 mM DTT, 1 µg/mL aprotinin and leupeptin, 

and 100 nM Pefabloc. After sonication and centrifugation (15,000xg, 4 °C, 15 min), 

the supernatant was loaded onto a Ni-NTA affinity chromatography column 

(HisTrapTM FF crude, 5 mL column), washed with 8 column volumes of buffer A (25 

mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT) followed by a gradient of 20 column 

volumes to 100% buffer B (25 mM Tris-HCl, 50 mM NaCl, 500 mM imidazole, pH 

7.5). Fractions containing E6AP were pooled and subjected to a second purification 

step by anion exchange chromatography (HiTrapTM Q HP, 1 mL column), using a 

gradient from 0 to 50% buffer B in 20 column volumes (buffer A: 25 mM Tris-HCl pH 

7.5, 50 mM NaCl, 1 mM DTT; buffer B: 25 mM Tris-HCl pH 7.5, 1 M NaCl, 1 mM 

DTT). 4 mL Amicon filter devices with a cutoff of 10 kDa were used for buffer 

exchange to 25 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT and to concentrate the 
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sample. Note that E6AP eluted at approximately 320-340 mM NaCl, a condition that 

was also used for size exclusion chromatography (Supplementary Figure 6). 

For SILAC, an E. coli strain auxotrophic for arginine and lysine 54 was used to 

incorporate 4,4,5,5-deuterated lysine (K+4.025108 Da) and 13C6/15N4-labeled 

arginine (R +10.00826 Da) (Cambridge Isotope Laboratories). Expression was 

performed overnight at 20°C in M9 minimal media (7.52 g/L Na2HPO4, 3 g/L KH2PO4, 

0.5 g/L NaCl, 0.5 g/L NH4Cl) containing 0.4% glucose, 1 mM MgSO4, 0.3 mM CaCl2, 

1 µg/L biotin, 1 µg/L thiamine, 134 µM EDTA, 31 µM FeCl3, 6.2 µM ZnCl2, 0.76 µM 

CuCl2, 0.42 µM CoCl2, 1.62 µM H3BO3, 81 nM MnCl2. For SILAC-XL-MS validation 

experiments, we expressed isotope-labeled GST using the vector pGEX6P1. 

Bacterial pellets were lysed using sonication in buffer containing 30 mM HEPES pH 

7.5, 500 mM NaCl, 2 mM DTT, 0.5 mM EDTA, and 1 mM benzamidine. GST was 

purified by batch affinity to glutathione sepharose 4B (GE Healthcare) and size 

exclusion using a Superdex 200 column in 20 mM Na Hepes pH 7.5, 200 mM NaCl. 

Unlabeled GST was purified in the same way following expression in LB media. 

Following purification, both unlabeled and isotope-labeled GST dimers were 

dissociated by supplementing the buffer with 6 M urea to induce dimer dissociation 
62. Dissociated labeled and isotope-labeled monomers were then recombined, and 

urea was removed by serial dilution to enable formation of mixed unlabeled-isotope-

labeled dimers. To confirm that treatment with urea did not affect the conformation of 

dimeric GST, we performed XL-MS also with untreated light GST. The crosslinking 

patterns for untreated GST (Supplementary Data 12), and GST subjected to urea 

unfolding/refolding (Supplementary Data 7), are highly similar. We also performed 

control experiments with light GST alone to test the accuracy of isotope-labeled 

peptide assignment.  

Purification of isotope-labeled E6AP was performed as described above for 

unlabeled E6AP. As oligomeric E6AP interactions are transient under the conditions 

used for purification (Supplementary Figure 6D), there was no need to dissociate 

light-light and heavy-heavy E6AP dimers prior to cross-linking. GST-fusion proteins 

of wild-type HPV-16 E6 12 and the E6_L50E mutant 40 were expressed in E.coli 

BL21-CodonPlus-RIL at 37°C for 4 h. Pellets derived from 1 L bacterial culture were 

resuspended in 30 mL PBS, 0.1% Triton, 1 mM DTT and sonicated, and the lysate 

cleared by centrifugation (16,000xg, 4 °C, 15 min). The supernatant was incubated 

with 150 µL glutathione-sepharose 4B (GE Healthcare) at 4°C for 1 h. Beads were 
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spun down and washed 3 times with 1 mL PBS. GST-E6 fusion proteins were eluted 

four times with 400 µL 25 mM Tris-HCl pH 8.0, 50 mM NaCl, 25 mM gluthatione. 4 

mL amicon filter devices with a cutoff of 10 kDa were used for buffer exchange to 25 

mM Tris pH 7.5, 50 mM NaCl, 1 mM DTT and to concentrate the sample.  

His-lipoyl domain tagged p53 was expressed in E. coli BL21 DE3 at 24 °C overnight 
63. Cells were lysed in 50 mM phosphate buffer pH 8.0, 300 mM NaCl, 0.01% NP-40, 

1 µg/mL aprotinin and leupeptin, 100 µM Pefabloc, 10 mM DTT. The lysate was 

centrifuged for 20 min at 15,000xg and the supernatant was loaded onto a Ni-NTA 

column. His-tagged p53 was eluted with a gradient of 25 column volumes from buffer 

A (50 mM phosphate buffer pH 8, 150 mM NaCl, 0.01% NP-40, 2 mM DTT, 25 mM 

imidazole) to 100% buffer B (50 mM phosphate buffer pH 8, 150 mM NaCl, 0.01% 

NP-40, 2 mM DTT, 1 M imidazole) and dialyzed overnight (50 mM phosphate buffer 

pH 7.2, 150 mM NaCl, 0.01% NP-40, 2 mM DTT) in the presence of thrombin 

(Sigma-Aldrich). Cleaved p53 was separated from the His-tagged lipoyl domain using 

a heparin column. p53 was eluted from the heparin column with a gradient over 25 

column volumes from buffer A (50 mM phosphate buffer pH 7.2, 150 mM NaCl, 

0.01% NP-40, 2 mM DTT) to 100% buffer B (50 mM phosphate buffer pH 7.2, 1 M 

NaCl, 0.01% NP-40, 2 mM DTT). 

 

Ubiquitylation assays 
For in vitro ubiquitylation, 150 ng E1, 75 ng UbcH5b, 750 ng E6AP, and 2 µg 

ubiquitin (bovine, Sigma-Aldrich) or UbLIA were incubated in 25 mM Tris-HCl pH 7.5, 

50 mM NaCl, 1 mM DTT, 2 mM MgCl2, 2 mM ATP at 30°C in a total volume of 30 µL. 

Reactions were stopped after 90 min or the indicated time by addition of 7.5 µL 5x 

sample buffer (312.5 mM Tris-HCl pH 6.8, 10% SDS, 500 mM DTT, 0.001% 

bromphenol blue) and electrophoresed in 12 % SDS-polyacrylamide gels followed by 

Coomassie blue staining. 

 

Crosslinking coupled to mass spectrometry (XL-MS) 
Complexes were crosslinked and measured essentially as described 64. In short, 

approximately 100 µg of E6AP were crosslinked by addition of H12/D12 DSS 

(Creative Molecules) at a ratio of 1.5 nmol / 1 µg protein for 30 min at 37°C shaking 

at 650 rpm in a Thermomixer (Eppendorf). In order to crosslink E6AP in complex, 

wild-type E6 or the E6_L50E mutant (and p53) were added in a molar ratio of 1:1(:1) 
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and incubated on ice for 30 min prior to crosslinking under the same conditions. 

Proteins were crosslinked directly after purification without freezing. After quenching 

by addition of ammonium bicarbonate to a final concentration of 50 mM, samples 

were reduced, alkylated, and digested with trypsin. Digested peptides were 

separated from the solution and retained by a solid phase extraction system 

(SepPak, Waters), and then separated by size exclusion chromatography prior to 

liquid chromatography (LC)-MS/MS analysis on an Orbitrap Fusion Tribrid mass 

spectrometer (Thermo Scientific). Data were searched using xQuest in ion-tag mode 

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 crosslink ions were applied. 

Crosslinked samples were prepared in biological triplicates (i.e. separately expressed 

and purified batches of proteins) for all investigated samples, and each of these was 

measured with technical duplicates. Crosslinks were only considered during 

structural analysis, if they were identified in at least 2 of 3 biological replicates with 

deltaS < 0.95 and at least one Id score ≥ 25. A list of all identified links can be found 

in Supplementary Data 1 – 16). 

 

Quantitative crosslinking coupled to mass spectrometry  
For quantitative crosslinking coupled to mass spectrometry (q-XL-MS) analysis, the 

chromatographic peaks of identified crosslinks between E6AP in the absence and 

presence of E6 or E6_L50E were integrated and summed up over different peak 

groups (taking different charge states and different unique crosslinked peptides for 

one unique crosslinking site into account) for quantification by xTract 45. Amounts of 

potential crosslinks were normalized prior to MS by measuring peptide bond 

absorption at 215 nm for each fraction. Only high-confidence crosslinks that were 

identified consistently over different biological and technical replicates in a peak 

group (xTract settings violations was set to 0) were selected for further quantitative 

analysis. Changes in crosslinking abundance are expressed as log2 ratio (e.g. 

abundance state 1, E6AP with E6 was quantified versus abundance state 2, E6AP 

alone). The p value using a two sided t-test indicates the regression between the two 

conditions. 

The question of how to assess the significance of a measured quantitative change in 

a crosslink in terms of relevance for a potential conformational change on the protein 

level has to the best of our knowledge not been addressed so far in the crosslinking 
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field; contrary to the sheer reproducibility or statistical validity of a measured 

crosslinking change, for which different statistical evaluation criteria have been 

proposed. Thus, in order to normalize the data and to identify the subset of 

significantly changed crosslinks, the quantitative distribution of monolinks within 

E6AP in the absence and presence of E6 or E6_L50E was plotted (see Figure 1D 

and Supplementary Figure 5), reasoning that monolink formation is dictated primarily 

by accessibility and its local environment (e.g. surrounding amino acid composition, 

secondary structure etc.) and therefore only on rare occasions influenced by 

conformational dynamics. Doing this, we identified the vast majority of changes in 

monolink abundances fluctuating within a range of log2ratio ≤ ±1.5. Thus, in this 

study, only changes that showed at least a change of log2ratio ≥ ±1.5 and a p-value 

of ≤ 0.01 for the E6 or ≤ 0.05 for the E6_L50E dataset were considered significant 

changes in abundances and are shown in green and red in the 2D visualizations 

(Figures 1D, 1E and 1F; Supplementary Figure 5), respectively. All other changes 

were considered insignificant and are shown in grey. 

 

SILAC based crosslinking coupled to mass spectrometry  
In order to distinguish between intralinks within a protomer and interlinks between 

protomers of a homomeric interaction, we incorporated the use of stable heavy 

isotopes via SILAC (stable isotope labeling with amino acids in cell culture) 53 into our 

XL-MS workflow, which we termed SILAC-based crosslinking coupled to mass 

spectrometry or SILAC-XL-MS. For SILAC-XL-MS, unlabeled GST or E6AP and GST 

or E6AP expressed in the presence of stable heavy isotopes are mixed in order to 

form hetero-oligomers of unlabeled and isotope-labeled proteins, which are 

crosslinked and after MS measurement analyzed by a modified version of our xQuest 

analysis platform. In short, GST or E6AP were expressed in an E. coli strain that is 

auxotrophic for lysine and arginine 54 in the absence or presence of stable heavy 

isotopes (lysine (D4; K+4.025108 Da) and arginine (13C6 & 15N4: R + 10.00826 

Da)), as described above (Protein expression and purification). Upon expression and 

purification, the two GST/E6AP preparations were mixed in a 1:1 ratio (prior to 

mixing, GST preparations were treated with 6 M urea to induce dissociation of light-

light and heavy-heavy dimers, see above), and the samples were subsequently 

crosslinked and measured on an Orbitrap Fusion Tribrid mass spectrometer. 

Subsequently, the data was searched by an adapted version of xQuest. XQuest was 
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adapted in a way that it contained two additional artificial amino acids (B = K 

+4.025108 Da and U = R +10.00826 Da), an additional crosslinking site (B), and an 

artificial enzyme that cuts at K|R|B|U to allow for an in silico tryptic digestion.  

 
Code availability 
We have compiled a repository of all the required changes to the xQuest software. 

The git repository containing all modified xQuest files and instructions on how to 

install them may be found on github.com (https://github.com/stengellab/silac_xl_ms). 

 
Visualization of crosslinks 
Visualization of intra- and interlinks was performed by xiNET 65 using additional in-

house scripts for the analysis and representation of quantitative crosslink information. 

For the static datasets all links that passed the evaluation criteria - Id scores >25 in at 

least 1 biological replicate, a deltaS value < 0.95 and detection in at least two out of 

the three independent biological replicates - are shown. For the differential 

(quantitative) datasets in Figures 1D, 1E, 1F and Supplementary Figure 5, only links 

that were consistently quantified in all biological datasets (violation 0) were shown.  

 

Integrative structural modeling 
We used the Integrative Modeling Platform (IMP) 57 for modeling the structure of the 

HECT domain of E6AP and E6 with and without p53. The approach using crosslinks 

as restraints in a Bayesian scoring scheme is described in detail in 58. Accordingly, 

there are four main steps: (1) gathering of data, (2) representation of subunits and 

translation of the crosslinking data and the prior knowledge into a Bayesian scoring 

function, (3) configurational sampling to produce an ensemble of models that 

minimize the Bayesian scoring function, and (4) analysis of the ensemble. IMP allows 

for coarse-grained modeling, i.e. the inclusion of different resolution levels into a 

model. Different resolution levels are represented by accordingly sized beads 

(spheres) in a modeling run.  

In the Bayesian scoring scheme models are ranked according to their likelihood and 

prior probability. The score is the negative logarithm of their product. The likelihood 

contains the crosslinking data, while the priors contain information about sequence 

connectivity in protein chains as well as excluded volume between all pairs of beads. 

The likelihood is defined through a forward model, which quantifies the probability of 
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the formation of a crosslink given the distance between two residues in the model, as 

well as a noise model, which weighs the deviation between observed crosslinks and 

the forward model.  

For our modeling runs, we employed the known crystal structures of the HECT 

domain of E6AP (PDB ID: 1c4z) and E6/p53 (PDB ID: 4xr8). In the modeling runs, 

the following residues were represented by beads (one residue per bead) and 

constrained into rigid bodies: for E6AP residues 495-846 of chain A, for E6 residues 

1-151 of chain F and for p53 residues 94-292 of chain C. Residues 144-151 of E6 in 

chain C are not represented in the crystal structure and were grouped into a single 

flexible bead. E6 and p53 were included into a single rigid body in order to enforce 

the established interface between the two proteins. The crosslink input databases for 

the modeling included all links (until ld-20) which were found in at least two out the 

three biological replicates. From each replicate the highest scoring link was chosen. 

The actual models were computed by Replica Exchange Gibbs sampling, based on 

Metropolis Monte Carlo sampling 66. The Monte Carlo movements included random 

translation and rotation of rigid bodies with a maximum of 10 Å and 1 radian, 

respectively. 

The sampling was run on 16 replicas producing 15,000 models each, with 

temperatures ranging from 1.0 to 2.5 (technical units). The 25% best scoring models 

were saved, leading to 60,000 saved models overall. These replicas were run in 

three independent sampling runs with random initial configurations to assess 

convergence and accounting for 180,000 models overall. 

The models from all three sampling runs were pooled and the 500 best scoring 

models from each sampling run were clustered using the root-mean-square deviation 

(rmsd) of E6 and p53 (when p53 was included in the sampling). The HECT domain of 

E6AP was used as reference to align to, as its position was fixed during the 

sampling. The rmsd cut-off for clustering was 5 Å. The cluster center was defined as 

the cluster member whose rmsd with respect to the other members is minimal. It was 

used to represent the atomistic coordinates of the system. The overall precision of 

each protein was calculated as the mean root-mean-square fluctuation with respect 

to the cluster center. Furthermore, to represent the variance of the solutions, the 

superposed structures of each cluster were converted into a localization density 67, 68.  

For each setup (i.e. with and without p53), the sampling runs converged onto one 

main cluster. To assess convergence, all replicates were also clustered 
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independently, resulting in the same main clusters as the pooled clustering. The 

average precision for the E6 main cluster in the modeling runs not containing p53 

was ~5 Å. In the run containing p53, it was ~8 Å for p53 and ~5 Å for E6.  

To assess robustness, the modeling procedure described above was repeated while 

randomly removing 15% of the crosslinks (jackknifing). Additionally, we also repeated 

the modeling using only crosslinks with ld-scores greater than 30. In both cases the 

sampling runs converged onto the same clusters with precisions within 1 Å of the 

original runs, as can also be seen in the rmsd matrices produced by these runs 

(Supplementary Figure 7). Additional modeling runs, in which all interlinks between 

E6AP and E6 for a specific uxID were purposely removed, as well as an independent 

modeling approach using HADDOCK confirm the overall robustness and 

reproducibility of our modeling results (Supplementary Figure 8). 

 

Data availability 
All data generated or analysed during this study are included in this published article 

(and its supplementary information files). The MS data (raw files, xQuest and xTract 

files) have been deposited to the ProteomeXchange Consortium via the PRIDE 69 

partner repository with the dataset identifier PXD010002. Both the structural model of 

the binding interface between the HECT domain of E6AP and E6 

(PDBDEV_00000022) and the structural model of the binding interface between the 

HECT domain of E6AP, E6, and p53 (PDBDEV_00000023), including localization 

densities, have been deposited in PDB-dev.  
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3.1.9. Supplementary Information 
 
The following section contains Supplementary Figures 1 – 9. The tables containing 

Supplementary Data 1 – 16 were too large for printing and are accessible as 

additional information at DOI: 10.1038/s41467-018-06953-0 70. 

 

 

	
Supplementary Fig. 1. Proteins used for XL-MS experiments.	 SDS-poly-
acrylamide gel showing preparations of E6AP, wild-type HPV-16 E6 (E6 wt), and an 
E6 mutant that does not bind to E6AP (E6_ L50E) used for XL-MS experiments (E6 
proteins were expressed as GST fusion proteins). Proteins were visualized by 
Coomassie blue staining. One percent of the protein amount used for XL-MS was 
loaded per lane.	
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Supplementary Fig. 2. Overview of lysine residues involved in crosslinking. All 
lysines are boxed in grey. Lysine residues which were identified in intra-protein 
crosslinks are highlighted in blue. Lysine residues which were identified in inter-
protein crosslinks are highlighted in green.  
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Supplementary Fig. 3. Comparison of E6AP auto-ubiquitylation in the presence 
of wild-type HPV-16 E6 or the E6_L50E mutant. A) The E6_L50E mutant does not 
stimulate E6AP auto-ubiquitylation, in contrast to wild-type E6. Reactions were 
performed as described in Methods and stopped after 10 min. B) The E6_L50E 
mutant does not rescue E6AP auto-ubiquitylation in the presence of the hydrophobic 
patch mutant UbLIA 37. The running positions of E1, E6AP, GST-E6, E2, ubiquitin, 
and poly-ubiquitylated forms of E6AP are indicated.  
 

 
Supplementary Fig. 4. Volcano plots of quantified crosslinking sites of E6AP in 
the absence and presence of E6. Shown are unique crosslinking sites (uxIDs) with 
an ld-Score >25. Significant enrichment was determined with respect to crosslinks 
identified in the E6AP sample in the absence of E6. Plotted are log2 ratio change 
versus the negative logarithmized p-values. Log2 = 0 indicates no enrichment, green 
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dots indicate significant enrichment upon binding of E6 (log2ratio ≥ 1.5; p value ≤ 
0.01 (two sided t-test)) and red dots a relative decrease upon binding of E6 (log2ratio 
≤ -1.5; p value ≤ 0.01(two sided t-test)), respectively. 
 
 

 
 
Supplementary Fig. 5. Structural dynamics of E6AP in the absence and 
presence of the E6_L50E mutant. Quantification of the change in abundance of 
identified crosslinks within E6AP, when incubated with the binding-deficient E6_L50E 
mutant vs. E6AP alone, shows no significantly up- or down regulated monolinks and 
reveals overall a similar fold change pattern for monolinks as for wild-type E6, even 
though the significantly changed monolinks in the central region are absent in the 
mutant E6_L50E dataset, consistent with the notion that decreased monolinking 
within this region is caused by E6 binding. As monolinks are both up and down-
regulated throughout the N-terminal region in the E6_L50E mutant, it is difficult to 
conclude with confidence what is causing the cluster of slightly positively regulated 
monolinks between amino acids ~70-130 in the wild-type dataset, but the basically 
complete absence of significantly up- or down-regulated intralinks, strongly indicates 
that the identified changes in the E6AP intralink pattern, as observed in the 
experiment to Figure 1, are caused by binding of E6 (n=2, p-value ≤ 0.05 (two sided 
t-test)). 
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D  

		 	 
 
Supplementary Fig. 6. Validation of SILAC-XL-MS using dimeric GST. A) 
Numbers of linked peptides identified are shown after cross-linking either light GST 
dimers, or dimers formed following mixing of light and heavy labelled GST. Both 
samples were crosslinked in triplicate. The absence of either light-heavy or heavy-
heavy links in the light GST sample indicates that heavy peptides were reliably 
assigned. B) Cartoon representation of dimeric GST from Schistosoma japonicum 
(PDB: 1Y6E) showing the location of the highest scoring light-heavy interlink (black 
dotted line) between lysines 10 and 124 at the dimeric GST interface. C) Isotope-
labeling of E6AP has no influence on its ubiquitin ligase activity. Comparison of 
unlabeled E6AP (light) and isotope-labeled E6AP (heavy) shows no difference in 
their capacity for auto-ubiquitylation. Running positions of E1, E6AP, E6, E2, and of 
poly-ubiquitylated forms of E6AP are indicated. D) E6AP appears as a monomer on 
SEC. Size-exclusion chromatography (Superdex 10/300 Increase column) confirms 
that under the conditions used (300 mM NaCl), E6AP behaves as monomer (left 
panel). Molecular mass standards (right panel) were from the high molecular weight 
gel filtration calibration kit (GE Healthcare).  
 

E6AP 
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Supplementary Fig. 7. Matrix with best-scoring models. Rmsd matrices of the 
500 best-scoring models of the pooled sampling runs without (upper left) and with 
p53 (upper right). The run without p53 converged into a single cluster, while the run 
with p53 converged into one main cluster containing 341 members. The middle row 
shows the clusters for the jackknife runs (randomly removing 15% of our crosslink 
input database), and the lower row shows the runs containing only crosslinks with an 
ld-score greater than 30. 
 



	
	 43	

 
Supplementary Fig. 8. Structural models of the binding interface between the 
HECT domain of E6AP and E6 derived by an additional jackknifing approach, in 
which complete uxIDs were purposely removed, as well as by an independent 
modeling approach using HADDOCK confirm overall robustness and 
reproducibility of the modeling results. Shown is the original structural alignment 
of the proteins including the center model of E6 overlaid with the density maps from 
the various modeling runs missing all crosslinks between	E6AP_K708 – E6_K122 
(violet) (A), E6AP_K779 – E6_K72 (B), E6AP_K799 – E6_K72 (C) or E6AP_K841– 
E6_K108 (D), respectively. Removing the uxID E6AP_K708 – E6_K122 leads to the 
overall same location of the density map with only a marginal shift in orientation. The 
run contains altogether five roughly equally populated clusters that are all centred 
around the same position and where the general orientation of the density maps 
remains the same, with only slightly different shifts in their respective angels. It can 
also be clearly seen from the models that the complete exclusion of two additional 
uxID restraints (E6AP_K779 – E6_K72 and E6AP_K799 – E6_K72) has virtually no 
influence on our models, whereas removal of all unique crosslinks for the uxID 
E6AP_K841– E6_K108 leads to a discernible shift in the respective density map. 
However, even in this model the main findings from our study – i.e. the binding site of 
E6 is in the vicinity of the catalytic centre of E6AP and distinct from the binding site of 
UbcH7, the cognate E2 of E6AP - is still valid.  
We additionally used our crosslinking restraints as input for HADDOCK. E) and F) 
show the structural model of the binding interface between the HECT domain of 
E6AP and E6 generated by HADDOCK which we superimposed on the density map 
from the original structural model from our IMP based modeling runs by aligning the 
E6AP HECT domains from the HADDOCK and IMP models. It can clearly be seen 
that the model using HADDOCK generates a nearly identical binding interface 
between the HECT domain of E6AP and E6, where the E6 structure of the 
HADDOCK model fits almost completely into the E6 density map of the IMP model. 
In summary, both our additional modeling runs, where we performed a rigorous 
jackknifing approach, in which complete uxIDs were purposely removed, as well as 
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an independent modeling approach using HADDOCK clearly confirm that our 
modeling results are highly robust and reproducible.  
 
 
 
 

 
Supplementary Fig. 9. Proteins used for XL-MS experiments with p53. SDS-
polyacrylamide gel showing purified E6AP, wild-type E6 (note that a GST-E6 fusion 
protein was employed), the E6_L50E mutant (i.e. GST-E6 fusion protein), and p53 
used for XL-MS experiments; 1 percent of the protein amount used for XL-MS was 
loaded. Proteins were visualized by Coomassie blue staining. 
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3.2. Manuscript 2: Mechanism of completion of peptidyltransferase centre 
assembly in eukaryotes. eLife 2019. 
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3.2.3. eLife digest 
 
Biological machines called ribosomes make proteins in the cells of our body. 

Mammalian cells build roughly 7,500 new ribosomes every minute, each one 

containing 80 proteins and four RNA molecules. Problems that prevent ribosomes 

from assembling correctly have been linked to cancers such as leukemia, and a class 

of disorders called ribosomopathies that increase the likelihood of someone 
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developing cancer. Understanding how ribosomes assemble could therefore help to 

develop new treatments for these diseases. 

Ribosomes are mostly constructed in the cell nucleus, but the final stages of 

assembly occur in the cytoplasm of the cell. A protein called Nmd3 binds to the partly 

constructed ribosome to export it out of the nucleus. Then, the final ribosomal 

proteins integrate into the structure to form a key site called the peptidyltransferase 

centre (PTC), which is where the ribosome joins together amino acids when making 

new proteins for the cell. Questions remained about how these final assembly steps 

occur, and how Nmd3 is removed from the ribosome. 

Kargas et al. have now examined how the PTC forms by using a method known as 

cryo-electron microscopy to determine the structures that the ribosome forms at 

different stages of assembly. This revealed that when the last two ribosomal proteins 

integrate into the ribosome, the ribosomal RNA goes through large shape changes 

that evict Nmd3 from the PTC. Quality control factors then check the structure of the 

newly formed ribosome and, if it passes their checks that it works correctly, license it 

to start making cell proteins. 

This stage of ribosome assembly is likely to occur in the same way in all plant, animal 

and other eukaryotic species. The results presented by Kargas et al. will also help 

researchers to better understand the consequences of the mutations that affect 

ribosomal proteins in cancer cells. Ultimately, this knowledge may help to uncover 

new ways to treat cancer and ribosomopathies. 

 

3.2.4. Abstract  
 
During their final maturation in the cytoplasm, pre-60S ribosomal particles are 

converted to translation-competent large ribosomal subunits. Here, we present the 

mechanism of peptidyltransferase centre (PTC) completion that explains how 

integration of the last ribosomal proteins is coupled to release of the nuclear export 

adaptor Nmd3. Single-particle cryo-EM reveals that eL40 recruitment stabilises helix 

89 to form the uL16 binding site. The loading of uL16 unhooks helix 38 from Nmd3 to 

adopt its mature conformation. In turn, partial retraction of the L1 stalk is coupled to a 

conformational switch in Nmd3 that allows the uL16 P-site loop to fully accommodate 

into the PTC where it competes with Nmd3 for an overlapping binding site (base 

A2971). Our data reveal how the central functional site of the ribosome is sculpted 
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and suggest how the formation of translation-competent 60S subunits is disrupted in 

leukaemia-associated ribosomopathies. 

 

3.2.5. Introduction 
 
The assembly of eukaryotic ribosomes involves the concerted action of over 200 

trans-acting assembly factors. Following their assembly in the nucleus, pre-60S 

ribosomal subunits are exported to the cytoplasm where they are converted to 

translation-competent particles. The pre-60S particle attains export competence 

following release of the GTPase Nog2 by binding of the adaptor protein Nmd3 that 

recruits the nuclear export receptor Crm1 (Xpo1) through a C-terminal leucine-rich 

nuclear export signal sequence 71, 72, 73. Crm1-independent adaptors, including 

Arx1 74, 75, Bud20 76, Mex67 77 and Ecm1 78 facilitate pre-60S nuclear export. 

Once the ribosomal precursor enters the cytoplasm, the final assembly factors are 

removed and the last remaining ribosomal proteins integrated. The AAA-ATPase 

Drg1 initiates the final cascade of cytoplasmic events by recycling the assembly 

factors Rlp24 and Nog1 79, 80, 81. Downstream cytoplasmic maturation events include 

the release and recycling of additional shuttling proteins including the export factors 

Arx1, Mex67 and Nmd3, removal of the GTPase Lsg1 as well as incorporation of late 

joining ribosomal proteins. The Arx1-Alb1 heterodimer is bound at the end of the 

peptide exit tunnel 82, 83, 84, from where it is released by the concerted action of the 

zinc- finger protein Rei1 and the cytosolic J protein Jjj1 (human DNAJC21) that 

stimulates the ATPase activity of the Hsp70 chaperone protein Ssa 74, 85, 86, 87, 88, 81. 

Incorporation of Rei1 requires prior release of Nog1, whose C-terminal tail seals the 

exit tunnel as the particle transitions from the nucleolus to the cytoplasm 84. 

Interestingly, Rei1 also inserts into the exit tunnel 89, 90 from where it is displaced 

during later cytoplasmic maturation steps by Reh1 91. However, it is unclear when 

Reh1 is exchanged for Rei1 and how long Reh1 persists on the particle. A parallel 

branch of the cytoplasmic maturation pathway involves Yvh1-dependent exchange of 

uL10 for the placeholder protein Mrt4 to form the P-stalk 92, 93, 94. 

The subsequent cytoplasmic maturation steps are crucial to correctly shape the 

peptidyltransferase centre (PTC), evolutionarily the oldest part of the ribosome, in a 

strictly controlled sequence of events. Single-particle cryo-electron microscopy (cryo-

EM) has identified the binding sites for Nmd3 and Lsg1 on the intersubunit face of the 
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60S subunit 91, 95. Nmd3 spans the tRNA corridor from the uL1 protein at the L1 stalk 

through the tRNA exit site and the PTC to interact with the anti-association factor 

eIF6 (yeast Tif6; herein called eIF6) at the sarcin-ricin loop (SRL), while Lsg1 

embraces H69. The timing and mechanism of Nmd3 release remains unclear, but is 

dependent on the GTPase Lsg1 96 and the integration of ribosomal proteins eL40 97 

and uL16 96. 

The eIF6 protein prevents premature joining of the ribosomal 60S and 40S subunits 

by binding to the SRL and ribosomal proteins uL14 and eL24 98. Release of eIF6 in 

the cytoplasm is catalysed by EFL1 (elongation factor like GTPase 1, an EF-2 

homolog) and its cofactor SBDS (Shwachman-Bodian-Diamond syndrome, yeast 

Sdo1) 99, 100, 101, 102, 103, 104. The recruitment of SBDS to the 60S subunit depends on 

the prior integration of uL16 into the PTC in vivo 104. Although recent structural 

studies suggest that eIF6 is released after Nmd3 104, 91, an alternate model posits that 

the binding of uL16 breaks the interaction of the Nmd3 N-terminus with eIF6, allowing 

the recruitment of SBDS to promote eIF6 removal prior to the eviction of 

Nmd3 81, 95, 105. 

Maintaining the fidelity of late cytoplasmic 60S subunit maturation is crucial for all 

eukaryotic cells as defects in this process cause human developmental defects and 

cancer predisposition. Multiple mutations associated with human bone marrow failure 

and leukaemia target this pathway. For example, recurrent somatic mutations in the 

RPL10 gene (encoding the ribosomal protein uL16) have been identified in 10% of 

cases of paediatric T-cell acute lymphoblastic leukaemia (T-ALL) 106. The T-ALL 

associated uL16-R98S missense variant impairs the release of both Nmd3 and 

eIF6 106. However, the underlying mechanism is unknown. Inherited mutations in the 

SBDS gene have been identified in 90% of individuals with Shwachman-Diamond 

syndrome (SDS), an autosomal recessive disorder characterized by poor growth, 

exocrine pancreatic insufficiency, skeletal abnormalities and bone marrow failure with 

an increased risk of progression to myelodysplastic syndrome (MDS) and acute 

myeloid leukaemia (AML) 107, 108. SDS is also associated with mutations in DNAJC21, 

the human homologue of yeast JJJ1 109, 110, 111 and EFL1 112. 

To elucidate the mechanism of PTC completion and understand how this process is 

corrupted by leukaemia-associated mutations, we used single-particle cryo-EM and 

cross-linking mass spectrometry to delineate the sequential steps that lead to 

assembly of the key functional site of the ribosome. We show how integration of the 
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final ribosomal proteins eL40 and uL16 initiates a hierarchical sequence of RNA and 

protein rearrangements that result in release of the essential nuclear export adaptor 

Nmd3, a key conserved step in PTC formation. Defective completion of the PTC 

causes developmental disorders associated with an increased propensity for 

malignant transformation. Hence, our atomic models not only illuminate the 

mechanism of PTC assembly but also suggest how mutations found in leukaemia 

disrupt this process. 

 

3.2.6. Results 
 
Overview of the pre-60S Lsg1 particles 
We set out to determine the mechanism of cytoplasmic 60S subunit maturation and 

completion of PTC assembly by affinity purifying native pre-60S particles from 

S. cerevisiae using tandem affinity purification (TAP)-tagged Lsg1 as bait (Figure 1—

figure supplement 1A) and subjecting them to immunoblotting (Figure 1—figure 

supplement 1B), cryo-EM analysis (Figure 1A, Figure 1—figure supplement 1C–F, 

Figure 1—figure supplements 2–4, Supplementary file 1A, B) and crosslinking mass 

spectrometry (XL-MS) (Figure 1—figure supplement 5A, B, Supplementary file 2). 

Immunoblotting revealed enrichment of the assembly factors Lsg1, Nmd3, Arx1 and 

eIF6 in the purified particles, but under-representation of ribosomal proteins uL16 

and uL10 (P0) (Figure 1—figure supplement 1B). Analysis by single-particle cryo-EM 

with extensive 3D classification yielded a series of structures (hereafter termed states 

I-VI) that likely reflect sequential snapshots of final cytoplasmic pre-60S maturation 

(Figure 1A). The ability to capture state VI (lacking both Nmd3 and Lsg1) likely 

reflects ongoing maturation of the particles or possibly the dissociation of Lsg1 and 

Nmd3 during immunopurification. We refined all six pre-60S cryo-EM reconstructions 

to average resolutions of 3.1–3.9 Å with the local resolution extending to 2.3 Å in the 

core of the particles in states I and III (Figure 1—figure supplement 1E, F). The maps 

allowed us to fit and refine atomic models for all six assembly states, including the 

biogenesis factors Arx1, Lsg1, Nmd3, Rei1, Reh1, eIF6, ribosomal proteins eL40, 

uL16 and uL11 together with the 5S, 5.8S and 25S rRNA (Figure 1B, Figure 1—

figure supplements 2–4, Supplementary file 1A, B). In addition, we identified density 

corresponding to the phosphatase 113 and zinc finger 114 domains of Yvh1 situated 

between uL11 in the P-stalk and eIF6 (Figure 1A, states I-II). 
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Figure 1. Sequential steps in late cytoplasmic 60S subunit maturation. (A) Cryo-
EM reconstructions of six cytoplasmic maturation states (I–VI). States, overall 
resolution, changes in protein composition and rRNA conformation are indicated. The 
phosphatase (P) and zinc finger (Zn) domains of Yvh1 are indicated in state II. (B) 
Atomic models of pre-60S states I-VI with rRNA and biogenesis factors highlighted. 
The following figure supplements are available for figure 1: Figure supplement 1. 
Sample purification, cryo-EM image analysis and local resolution of pre-60S 
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particles. Figure supplement 2. Processing scheme for Cryo-EM data. 
Figure supplement 3. Cross-validation against overfitting. Figure supplement 4. Local 
resolution for ribosome assembly factors, eL40 and uL16. Figure supplement 5. 
Protein-protein interaction network of pre-ribosomal particles purified by Lsg1-TAP.  
 

Sequential maturation of the cytoplasmic pre-60S subunit couples dramatic 

conformational rearrangements of two long flexible helices (the L1 stalk and H38) to 

recruitment of the final ribosomal proteins (eL40 and uL16) and assembly factor 

displacement (Figure 1A). In states I-III, the L1 stalk is displaced inwards with H38 in 

the ‘closed’ position. Rearrangement of H38 to the mature position (state IV) is 

followed by partial (state V) then full (state VI) retraction of the L1 stalk. Focused 

classification of the local density around the P-stalk (Figure 1—figure supplement 2) 

revealed that binding of ribosomal protein eL40 does not occur until state III, prior to 

the recruitment of uL16 in state IV. Although there is clear density for uL11 (state I) at 

the base of the P-stalk, uL10 was poorly defined in our maps, consistent with the 

paucity of uL10 protein in the Lsg1-TAP particles as detected by immunoblotting 

(Figure 1—figure supplement 1B). Focused classification around the P-stalk revealed 

that Yvh1 is predominantly bound in state I, is present at low occupancy in state II but 

is absent in state III. Thus, Yvh1 and eL40 do not appear to bind simultaneously to 

the same particle. 

The homologous C-termini of Reh1 and Rei1 occupy the PET sequentially (Figure 

1A). While the departure of Rei1 seems to be concurrent with Arx1 release, the C-

terminus of Reh1 unexpectedly persists in the exit tunnel even after the departure of 

Nmd3 and Lsg1. The timing of the exchange of Rei1 for Reh1 (between states I-II) is 

consistent with XL-MS analysis that yielded crosslinks between Rei1, Arx1 and eL24, 

while Reh1 yielded crosslinks to eL24, but not to Rei1 or Arx1 (Figure 1—figure 

supplement 5A, B and Supplementary file 2). These data are also consistent with a 

previous structural snapshot 91 and with co-immunoprecipitation analysis ll 115. We 

conclude that the exchange of Reh1 for Rei1 occurs at the time of Arx1 release, but 

that surveillance of the PET by Reh1 continues throughout the entire process of 

cytoplasmic pre- 60S maturation. 

While the overall structures of Rei1 and Reh1 are consistent with previous 

reports 90, 91, our maps reveal additional density that corresponds to the N-termini of 

both Rei1 and Reh1 extending up across the surface of eL24 to directly interact with 

eIF6 subdomains C and D and with a loop that extends out from the α-helical domain 
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of Lsg1 (residues G438- T456) (Figure 1A, state I). The Lsg1 α-helical domain 

(residues G474-D479) also interacts with uL14. 

We unambiguously distinguished the helical C-termini of Reh1 and Rei1 within the 

PET based on specific side chain densities 91. Interestingly, the position of the 

extreme C-terminal leucine and glutamine residues of Rei1 and Reh1 differs 

compared with previous reports 91, 90: the side chains of Q393 (Rei1) and Q432 

(Reh1) form an electrostatic interaction with the base of U2875 (H89), while the 

backbone interacts with the base of U2978 (H93). 

The coexistence of eIF6 and Reh1 on the same particle (Figure 1B) suggests that 

state VI is not simply a product of eIF6 rebinding but is a bona fide late pre-60S 

subunit maturation intermediate that lies downstream of Nmd3 and Lsg1 release. 

These data support the hypothesis that eIF6 is evicted after Nmd3 104. 

 

Nmd3 is assembled from existing ribosomal machinery 
We set out to understand the mechanism of Nmd3 release, a key event in the 

completion of PTC assembly. Nmd3 extends across the entire tRNA binding cleft on 

the intersubunit face of the 60S subunit from uL1 at the L1 stalk through the E, P and 

A sites to contact Lsg1 and eIF6 at the SRL (Figure 1A, B). The cryo-EM density 

allowed us to build a complete atomic model for Nmd3 (residues T16-R404) including 

backbone atoms and side chains (Figure 2A), revealing a multi-domain architecture 

that includes two treble clef zinc fingers (that superimpose with an RMSD of 1 Å over 

13 Cα atoms; Figure 2A, inset), two alpha-beta domains and two beta-barrel 

domains. The N-terminal treble clef zinc finger (residues 16–42, C19-C22-C35-C38) 

is grafted into an alpha-beta domain (residues 43–154) that is structurally related to 

ribosomal protein eL31. The second alpha-beta domain (residues 155–250) is 

structurally related to ribosomal protein eL22, while the two C-terminal beta-barrel 

domains have SH3 (251–310) and OB (311-400) folds, respectively. Although the 

combination of the SH3 and OB domains is similar in sequence and structure to eIF-

5A-1, the domains are oriented differently with respect to each other. Thus, Nmd3 

comprises a modular assembly of existing structural blocks associated with the 

ribosomal machinery combined together to form a functionally distinct protein. 
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Figure 2. Nmd3 maintains the closed conformation of helix 38. (A) The modular 
atomic structure of Nmd3 with the individual domains (OB, SH3, eL22- like, eL31-like 
and the two treble clef zinc fingers) indicated by colour coding. Inset shows the 
superposition of the two treble clef zinc fingers (RMSD ~1 Å). (B) Interaction of the 
Nmd3 OB, SH3 and eL22-like domains with the tip of H38. (C) Nmd3 stabilises an 
A1025 base-flip. Atomic model, derived from the state III map (grey mesh), shows 
the interaction between Nmd3 and the flipped-out base A1025.  
 

Nmd3 promotes H38 closure by stabilising a base flip at A2971 
We sought to understand how Nmd3 maintains the ‘closed’ orientation of the L1 stalk 

(states I-IV) and H38 (states I-III) (Figure 1A). The Nmd3 OB domain holds the L1 

stalk in the closed position, while the eL22-like, SH3 and OB domains, together with 

an extended C-terminal loop, encircle and distort the tip of H38 (Figure 2B, C). 



	
	 54	

Specifically, two loops (β1–2 and β3–4) from the OB domain stabilize a base-flip of 

A1025. The side chain and backbone atoms of N332 contact the base and backbone 

phosphate of A1025. H364 contacts the backbone phosphate of A1027, while the 

side chains of Y402 and R404 contact the backbone phosphates of A1026-G1029. 

Within the SH3 domain, the side chain of K253 contacts the phosphate backbone of 

C1023. Helix α1 from the eL22-like domain (particularly the side chains of R169 and 

Q176) packs against the bases and backbone of H38 (G1020-C1023). 

 

Nmd3 contacts Lsg1 and eIF6 throughout cytoplasmic maturation 
Throughout the steps of pre-60S subunit maturation visualised herein, H69 adopts a 

conformation that differs from the mature ribosome 116 but that surprisingly persists 

even in the absence of Nmd3 and Lsg1 (state VI) (Figure 3A, B). Lsg1 stabilises a 

base flip at G2261 (H69) (Figure 3A), while the side chain of Lsg1 W142 stacks 

against the base of A2256 at the tip of H69 (Figure 3B). The altered conformation of 

H69 is also promoted by a β-hairpin in the SH3 domain of Nmd3 that stabilises a 

base flip in U2269 at the junction between H68 and H69 (Figure 3C). The Nmd3 SH3 

domain makes additional interactions with the 25S rRNA using two short α-helices 

(SH3-α1 and SH3-α2) (Figure 3D). As the altered conformation of H69 is maintained 

even in the absence of both Nmd3 and Lsg1 (state VI), we suggest that H69 may 

only adopt the mature conformation after joining of the 60S and 40S subunits. 

Compared with the reconstituted Nmd3-Lsg1-60S particle 95, the Nmd3 eL31-like 

domain is rotated (60˚) away from H89 towards the long α-helix of the Lsg1 GTPase 

domain in each of the native intermediates carrying Lsg1 and Nmd3 (states I-V) 

(Figure 1A). The interaction involves a stacking interaction between the side chain of 

Nmd3 residue W104 and the side chain of Lsg1 residue R163 (Figure 3E). Although 

focused classification of state III identified a subset of particles in which the Nmd3 

eL31-like domain is rotated towards H89, this class lacks Lsg1 and Arx1, with Reh1 

present in the PET. We suggest that the rotated conformation of the Nmd3 eL31-like 

domain in this subset of state III particles is a consequence of Lsg1 dissociation 

during sample preparation rather than a physiologically relevant ‘pre-Lsg1’ state. 
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Figure 3. Nmd3 interacts with Lsg1 and eIF6 throughout 60S maturation. (A) 
Conformation of H69 (states I-VI) differs from the mature 60S subunit (4v88 116). (B) 
Interaction of Lsg1 with the tip of H69. (C) Contact between Nmd3 residue N281 and 
base U2269 (H69). (D) Interactions of Nmd3 SH3 domain with H68 and H74. (E) 
Interaction between Lsg1 and the Nmd3 eL31-like domain. (F) Interaction of the 
Nmd3 N-terminal domain with the D and E domains of eIF6. The following figure 
supplement is available for figure 3: Figure supplement 1. NMR spectroscopic 
analysis of A. fulgidus Nmd3. 
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We next assessed the dynamic properties of the N-terminus of Nmd3 in solution 

using NMR spectroscopy. Heteronuclear 1H [15N] NOE analysis of the Archaeoglobus 

fulgidus Nmd3 (residues 22–150) indicates that the N-terminal zinc finger (residues 

22–43) has a higher degree of motion than the attached eL31 domain on the 

picosecond timescale (Figure 3—figure supplement 1A, B). Exchange broadened 

residues indicate the presence of a flexible linker between the two domains that is 

undergoing segmental motion. These data indicate that the Nmd3 N-terminal zinc 

finger has dynamic mobility that allows it to sample a range of positions in solution. 

However, the cryo-EM data indicate that the Nmd3 zinc finger remains bound to eIF6 

subdomains D and E (total buried surface area of 107 Å2) throughout states I-V 

(Figure 3F), providing a click-lock that fixes the Nmd3 N-terminus in position 

throughout pre-60S maturation. Taken together, our data illustrate how the modular 

architecture of Nmd3 confers it with the flexibility to modulate its conformation 

depending on the specific stage of pre-60S maturation. 

 

Loading of eL40 stabilises H89 to facilitate uL16 recruitment 
In the late nuclear pre-60S particle purified using epitope-tagged Nog2, the N-

terminal domain of Nog1 separates H89 into two strands, H89 adopting an upright 

position 84. We therefore sought to understand how H89 accommodates into its 

mature conformation to form one face of the u16-binding site. Focused classification 

around the H89 density revealed that in the absence of eL40 (states I-II), H89 adopts 

a range of conformations even with Yvh1 present (Figure 4A). However, following the 

departure of Yvh1, eL40 stabilises H89 in its near-mature conformation by forming 

two major contacts with the opposing H91, including a stacking interaction of A2847 

(H89) with G2898 (H91) and base pairing between C2844 (H89) and G2898 (H91) 

(Figure 4B). An observed contact between Yvh1 and the side chain of uL6 K141 

overlaps with the binding site for the N-terminus of eL40 in state III, raising the 

possibility that the recruitment of eL40 may destabilise Yvh1 to promote its departure 

from the pre-60S particle. In turn, the docking of uL16 to the upper surface of H89 

promotes a dramatic ~65˚ rotation of H38 away from Nmd3 (Figure 4C), sandwiching 

uL16 in a cleft between H38 and H89 (Figure 4D). 
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Figure 4. Binding of eL40 stabilises H89 to form the uL16 binding site. (A) H89 
is flexible in states I-II. Cryo-EM density map of Yvh1 is shown in purple; uL11 in 
grey. The mature conformation of H89 is shown in ribbon representation for 
comparison. (B) Atomic model of the interaction between eL40 and the tip of H89 and 
H91 (state IV). (C) Loading of uL16 induces a rotation of H38. The conformations of 
H38 in state III (wheat) compared with state IV (orange). (D) Conformation of H89 
with eL40 and uL16 bound (state IV). 
 

A conformational switch in Nmd3 drives PTC completion 
In mature, actively translating ribosomes with tRNA bound, the eukaryotic-specific 

loop (residues 102–112) of uL16 extends into the PTC 117. However, in states I-IV the 

eL22-like domain of Nmd3 extends into the PTC where it is surrounded by helices 

H64, H69-71, H80, H90 and H92-93 (Figure 5A). Residues on the surface of the 

eL22-like domain β-sheet make extensive interactions with the backbone of H80 

(Figure 5B). Residue N205 (α2 helix) stabilises a stacking base pair interaction 

between C2308 (H64) and C2284 (H70) (Figure 5C). Furthermore, the β4–5 loop of 
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Nmd3 stabilises the ‘closed’ conformation of base A2971 through specific 

interactions with the side chains of K204 (helix α2), K224, F242 (strand β5), Y240 

and the backbone amide of S238 (β4–5 loop) (Figure 5D). As a result, the uL16 P-

site loop is unable to extend into the PTC in state IV because of a steric clash with 

the Nmd3 β4–5 hairpin loop.  

 
 
Figure 5. Nmd3 masks base A2971 in the peptidyltransferase centre. (A) 
Interactions of Nmd3 with the PTC. (B) Interactions of the Nmd3 eL22-like domain β-
sheet with H80. (C) Nmd3 residue N205 (helix α2) stabilises the junction between 
bases C2308 (H64) and C2284 (H70). (D) The β4–5 loop of the Nmd3 eL22-like 
domain maintains base A2971 (H93) in the ‘closed’ conformation. 
 

The initial docking of uL16 is fully compatible with retention of Nmd3 on the pre-60S 

particle (Figure 1A, Figure 6A, B). However, uL16 liberates H38 from the C-terminus 

of Nmd3 promoting partial (20˚) (state V) and subsequently full (56˚) retraction (state 
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VI) of the L1 stalk (Figure 6B, C). Partial retraction of the L1 stalk (state V) is 

accompanied by a conformational switch in Nmd3 in which the OB, SH3 and eL22-

like domains are displaced upwards and outwards from the P and E sites by ~20 Å 

through a pivot point between the flexible helical linker connecting the eL22- and 

eL31-like domains, while the N-terminus remains anchored to eIF6 and Lsg1 (Figure 

6B, D). Displacement of the eL22-like domain breaks the interaction of residue N205 

(helix α2) with C2308 (H64) and C2284 (H70) (Figure 5C), allowing helix α2 to form a 

new contact with H69 (Figure 6—figure supplement 1). Displacement of the β4–5 

hairpin loop from the entrance to the PTC (state V) permits the uL16 P-site loop to 

extend into the PTC where the highly conserved, essential residue R110 coordinates 

A2971 in an ‘open’ flipped-up conformation (Figure 6B, C). 

Genetic and biochemical analysis are consistent with an essential role for the uL16 

P-site loop in Nmd3 release 118, 119, 120, 104, 105. Furthermore, an nmd3-N205D allele 

rescued the fitness defect of yeast cells expressing the T-ALL-associated uL16-R98S 

mutant as the sole copy of uL16 (Figure 6—figure supplement 4). These data support 

a functional role for the interaction between Nmd3 residue N205 and helices H64 and 

H70 (Figure 5C) in stabilising the binding of Nmd3 to the 60S subunit. We conclude 

that the uL16 P-site loop drives the conformational equilibrium in favour of Nmd3 

release by competing with Nmd3 for an overlapping binding site within the PTC. 
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Figure 6. Mechanism of Nmd3 release. (A) The Nmd3 β4–5 loop masks base 
A2971 (state IV). Insert shows base A2971 in the ‘closed’ position. H38 is ‘open’, the 
L1 stalk is ‘closed’ and uL16 is loaded. The A, P and E tRNA binding sites are 
indicated. (B) The uL16 P-site loop competes with the Nmd3 β4–5 loop for binding to 
base A2971 (state V). The L1 stalk is partially retracted (rotated by 20˚ relative to the 
fully closed L1 stalk); the Nmd3 β4–5 loop is displaced from the PTC. The uL16 P-
site loop is bound to base A2971 in the flipped-out conformation. (C) The completed 
PTC (state VI). The L1 stalk is fully open (rotated by 56˚), Nmd3 and Lsg1 have 
dissociated and the uL16 P-site loop is bound to base A2971 in the flipped-out 
conformation. (D) L1 stalk retraction promotes a conformational switch in the Nmd3 
eL22-like domain. Atomic models for the L1 stalk and Nmd3 in states IV (magenta) 



	
	 61	

and V (gold) are superimposed. The rotational pivot point between the eL31- and 
eL22-like domains is indicated. The following figure supplements are available for 
figure 6: Figure supplement 1. Release of Nmd3 eL22-like domain involves new 
contacts with H69. Figure supplement 2. Structural conflicts during the completion of 
PTC assembly. Figure supplement 3. Quality control assessment of PTC assembly 
by SBDS. Figure supplement 4. Suppression of the T-ALL associated uL16-R98S 
variant by mutations in NMD3. 
 

3.2.7. Discussion 
 
Mechanism of completion of PTC assembly 
The cryo-EM structures reported here allow us to propose a mechanism for the 

completion of assembly of a functional PTC (Figure 7, Video 1). The sequential 

incorporation of eL40 and uL16 couples large-scale rRNA rearrangements to a 

conformational switch in Nmd3 that allows the P-site loop of uL16 to fully 

accommodate into the PTC to push the conformational equilibrium towards Nmd3 

dissociation (Figure 6A–D, Figure 6—figure supplement 1). The incorporation of eL40 

(state III) stabilises H89 to form one face of the uL16-binding platform and may also 

facilitate Yvh1 release by disrupting its interaction with uL6. While the initial docking 

of uL16 to the upper surface of H89 is still compatible with the retention of Nmd3 on 

the particle, it promotes a ~ 65˚ rotation of H38 away from Nmd3 to adopt its mature 

conformation, thereby sandwiching uL16 in the cleft formed by H38 and H89. Loss of 

the stabilising interactions between Nmd3 and the tip of H38 promotes partial 

retraction of the L1 stalk (state V). This is coupled to a conformational switch in the 

C-terminus of Nmd3 that displaces the SH3 and OB domains from the E site and the 

eL22-like domain from the P-site. The uL16 P-site loop now fully accommodates into 

the PTC by competing with Nmd3 for an overlapping binding site at base A2971, thus 

driving the conformational equilibrium in favour of Nmd3 dissociation. The side chain 

of uL16 residue R110 stabilises the flipped-out conformation of base A2971 to 

complete the assembly of a functional PTC. 

Our structures explain the essential roles of eL40 97 and the u16 P-site loop 105, 106, 118 

in Nmd3 release. The extension of the uL16 P-site loop into the PTC that is observed 

in the mature ribosome in the presence of tRNA 117 is accomplished by a 

conformational switch in Nmd3 that allows uL16 to bypass the steric clash with the 

β4–5 loop of the Nmd3 eL22-like domain (Figure 6—figure supplement 2A). 

Importantly, the link between the Nmd3 N-terminus and eIF6 remains unbroken at 
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this stage of the maturation process, contrary to a previous model 95. Indeed, the 

links between Nmd3, Lsg1 and eIF6 are maintained throughout states I-V. 

Consistent with the studies on nucleolar pre-60S subunit maturation 121, 122, our work 

does not support parallel 60S assembly pathways as suggested for the bacterial 50S 

subunit 123. In contrast, our data strongly support the concept that eukaryotic 

cytoplasmic 60S maturation proceeds in a linear, stepwise manner. 

 
 
Figure 7. Mechanism of completion of PTC assembly and its quality control. 
Insets show the sequential interactions of base A2971 with Nmd3, uL16 and SBDS 
during PTC completion. Models for 60S-bound EFL1 and SBDS are based on EMD-
3145, EMD-3146 and EMD-3147 104. Proteins targeted by mutations in Shwachman-
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Diamond syndrome (yellow) and paediatric T-ALL (blue) are highlighted. The 
following figure supplement is available for figure 7: Figure supplement 1. The uL16 
sequence and structure are highly conserved.  
 

Mechanism of activation of Lsg1 GTP hydrolysis 
The precise role of Lsg1 in Nmd3 release and the mechanism of Lsg1 GTPase 

activation remain unclear. It has been proposed that coupling of the flipped-out base 

G2261 in H69 to the Lsg1 Switch one region (that coordinates a magnesium ion in 

the active site) may regulate Lsg1 GTP hydrolysis 95. However, the G2261 base-flip 

appears to persist throughout all the stages of cytoplasmic 60S maturation 

visualised, even in the absence of Lsg1 (Figure 3A). By contrast, the Nmd3 eL22-like 

domain establishes a new contact with H69 as the L1 stalk retracts (Figure 6D, 

Figure 6—figure supplement 1). We speculate that this interaction of Nmd3 with H69 

may transiently reposition base G2261, thereby relaying the change in conformation 

to the Switch one region to activate Lsg1 GTP hydrolysis. 

The identification of a crosslink between the N-terminus of Lsg1 and the P-site loop 

of uL16 (Figure 1—figure supplement 5A, B and Supplementary file 2) raises the 

intriguing possibility that Lsg1 may proofread accommodation of the uL16 P-site loop 

into the PTC as the Nmd3 β4–5 loop is retracted. In this model, Lsg1 may act as a 

gatekeeper that licenses further progression of 60S subunit maturation by 

dissociating only once it senses that uL16 is correctly integrated. The disengagement 

of Lsg1 from the N-terminus of Nmd3 will further destabilise the interaction of Nmd3 

with the 60S subunit, allowing retraction of the L1 stalk to pull Nmd3 completely off 

the intersubunit face. 

 

Eviction of Nmd3 precedes the release of eIF6 
Unexpectedly, our data reveal that the C-terminus of Reh1 is retained in the PET in a 

late assembly intermediate carrying eIF6 that is downstream of Lsg1 and Nmd3 

release (state VI) (Figure 1A). Identification of this particle provides compelling 

evidence that eIF6 release by SBDS and EFL1 occurs after the dissociation of Nmd3 

and Lsg1 as proposed 104 (Figure 7). This timing of events is consistent with the 

requirement for uL16 integration to allow SBDS binding both in vivo 104 and in vitro 120 

and with recent cryo-EM data 104, 91, 95. Importantly, we also note that the binding sites 

for SBDS, Nmd3 and Lsg1 are incompatible, precluding the removal of eIF6 before 

the departure of Lsg1 and Nmd3 (Figure 6—figure supplement 2B). We conclude that 
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Nmd3 and Lsg1 are released prior to SBDS and EFL1 recruitment and that Lsg1 and 

Nmd3 function at least in part as placeholders for SBDS. 

 

Proofreading the newly assembled PTC 
This study reinforces the concept that SBDS and EFL1 interrogate the structural and 

functional integrity of the completed PTC by licensing removal of the anti-association 

factor eIF6 104 (Figure 7). The side chain of SBDS residue R11 and the backbone of 

K62 interact with the side chain of R110 within the uL16 P-site loop that stabilises the 

flipped-out conformation of base A2971 (Figure 6—figure supplement 3A). In 

addition, there are interesting parallels between the interactions of the uL16 P-site 

loop with the N-terminus of SBDS (pdb 6qkl) 104 and the contacts of uL16 with the P-

site tRNA during decoding (pdb 5gak) 117 (Figure 6—figure supplement 3B). 

The PET of the large ribosomal subunit appears to be directly monitored initially in 

the nucleus by Nog1 84 and subsequently throughout the entire process of 

cytoplasmic assembly by Rei1 89, 90 and Reh1 91 in turn. Indeed, the direct interaction 

between the α-helical domain of Lsg1 and the N-termini of both Rei1 and Reh1 

(Figure 1A) suggests how events at the PET and PTC might be coupled during 

cytoplasmic maturation. Docking analysis raises the possibility that the C-terminus of 

Reh1 may interact directly with the N-terminus of SBDS during late 60S maturation 

(Figure 6—figure supplement 3C). However, the functional relevance of this 

observation remains to be tested. It is conceivable that Reh1 may not be removed 

from the exit tunnel until the pioneer round of translation, but the precise timing and 

mechanism of Reh1 release require elucidation. 

 

A coherent pathway targeted by mutations in leukaemia 
Our data define a coherent pathway that is targeted by multiple mutations in sporadic 

and inherited forms of leukaemia (Figure 7). The association of the SDS clinical 

phenotype with mutations in several components of the 60S maturation pathway, 

including SBDS 107, EFL1 112 and DNAJC21 110, 109 provides compelling support for 

the hypothesis that SDS is a ribosomopathy 101, 102. Importantly, given the high 

degree of conservation in the amino acid sequence and structure of the uL16 protein 

(Figure 7—figure supplement 1A, B), our cryo-EM data provide a mechanistic model 

that allows us to interpret the consequences of the recurrent uL16-R98S mutation 

found in paediatric T-ALL 106. We propose that the uL16-R98S mutation may 
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increase the flexibility of the P-site loop, reducing its ability to effectively compete 

with the Nmd3 eL22-like domain for the overlapping binding site at base A2971 in the 

PTC, thereby driving the equilibrium towards Nmd3 release. 

Our study suggests that Yvh1 dissociates from the pre-60S particle prior to the 

binding of eL40 and uL16 (Figure 1A). However, while this work was under review, 

Yvh1 was reported to bind cytoplasmic pre-60S particles carrying eL40 and uL16 114. 

Perhaps explaining this discrepancy, our study has exclusively analysed native pre-

60S particles, while Zhou et al. examined particles purified from Rlp24-mutant cells 

or following treatment with the inhibitor diazaborine 114. Interpretation of the structural 

intermediates in the Zhou study should take also account of the heterogeneity in the 

deposited maps due to the classification strategy used. 

In conclusion, we have used single-particle cryo-EM to demonstrate the 

conformational changes during cytoplasmic 60S subunit maturation that couple 

incorporation of the ribosomal proteins eL40 and uL16 to the release of Nmd3 in 

what is likely to be a universal mechanism in eukaryotes. Our data not only reveal 

how the central functional site of the ribosome is assembled, but provide a framework 

to interpret the consequences of mutations linked to leukaemia-associated 

ribosomopathies. 

 

Accession codes 
The cryo-EM density maps have been deposited in the Electron Microscopy Data 

Bank with accession numbers EMD-10068, EMD-10071, EMD-4560, EMD-4636, 

EMD-4884 and EMD-4630. Atomic coordinates have been deposited in the Protein 

Data Bank, with entry codes 6RZZ, 6S05, 6QIK, 6QTZ, 6RI5 and 6QT0. 

 

3.2.8. Materials and methods 
 
SDS-PAGE and immunoblotting 
Proteins present in crude extracts and purified pre-60S particles were separated on 

precast 4 % to 12 % NuPAGE gels (Novex life technologies) and blotted on a PVDF 

membrane (Carl Roth GmbH) using a tank-blot device (Hoefer). For immunoblotting, 

primary antibodies directed to pre-ribosome maturation factors or ribosomal proteins 

and a secondary goat anti-rabbit antibody (Sigma Aldrich) were used. All antibodies 

were described previously 124, 125, except the eIF6 antibody that was purchased from 
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GeneTex. Chemiluminescence signals were detected using the ChemiDoc Touch 

Imaging System (Bio-Rad) and the Clarity Western Blotting Detection Reagent as 

substrate. 

 

Purification of Lsg1-TAP pre-60S particles 
For the isolation of late cytoplasmic pre-60S particles Lsg1-TAP 126 was used as bait 

protein. Purification was performed in the absence of GTPase inhibitor. Affinity 

purification was performed using rabbit IgG covalently linked to magnetic beads as 

described 124. Briefly, the Lsg1-TAP strain was grown in two litres of YPD complete 

medium (2 % (w/v) peptone, 1 % (w/v) yeast extract, 2 % (w/v) glucose, 0.002 % 

(w/v) adenine) to an OD600 of 1.2 and cells were harvested by centrifugation for 2 min 

at 4000 x g. Cells were washed once in lysis buffer 1 (LB1; 20 mM HEPES, pH 7.5, 

10 mM KCl, 2.5 mM MgCl2, 1 mM EGTA, 0.5 mM PMSF, 1 mM DTT and FY-

protease inhibitor (Serva). Cell lysis was performed in LB1 after addition of 1.5 

volumes of glass beads by vigorous shaking for 4 × 30 s in a bead mill 

(Merkenschlager) with constant CO2 cooling. After centrifugation for 30 min at 

40,000 x g, the cleared lysates were loaded on 200 ml magnetic beads covalently 

coupled with rabbit IgG 127 and incubated at 4 ˚C for 90 min under constant mixing 

using an overhead rotator. After washing twice with 8 ml LB1 containing 1 mM DTT 

and once with 8 ml LB1 containing 100 mM NaCl and 1 mM DTT, beads were 

transferred to 0.5 ml reaction vials and pre-ribosomal particles eluted by overnight 

TEV cleavage in 150 ml LB1 containing 100 mM NaCl, 0.5 mM DTT and 2 mg of 

purified, RNAsin treated TEV protease. After removal of the resin by centrifugation 

for 5 min at 5000 x g, the pre-60S particles present in the supernatant were spotted 

onto grids and processed for cryo-EM freezing. SDS-PAGE and immunoblotting was 

used to monitor the quality of the isolated particles. 

 

Cryo-EM sample preparation 
Pre-60 ribosomal TAP-tagged Lsg1 particles purified from S. cerevisiae were 

incubated 10 min at 4 ˚C in the presence of 0.5 % (v/v) glutaraldehyde (Sigma-

Aldrich) to reduce preferential orientation and DTT added to a final concentration of 

6 mM. EM grids were prepared by adding 3 mL pre-60 ribosomal purified TAP-

tagged Lsg1 particles (40 nM) to freshly glow-discharged Quantifoil R2/2 grids 



	
	 67	

(PELCO easyGlow). Grids were blotted and flash frozen in liquid ethane at 100 K 

using a Vitrobot Mark IV (FEI Company). 

 

Cryo-EM data acquisition 
Grids were screened on a Tecnai T12 microscope (FEI Company) and data 

acquisition performed under low-dose conditions on a Titan Krios microscope (FEI 

Company) operated at 300 kV over two sessions of ~70 hr each. The two datasets 

were recorded on a Falcon III detector (FEI Company) at a nominal magnification of 

75,000 x (effective pixel size of 1.065 Å on the object scale) with a defocus range of -

 0.8 to - 3.2 mm and a dose of ~ 63 e-/ Å2. The acquisition of 7957 and 15,923 

movies for each session was performed semi-automatically using EPU software (FEI 

Company). 

 

Cryo-EM image processing 
Movies were corrected for the effects of beam-induced motion using MotionCor2 128. 

Contrast transfer function (CTF) parameters were estimated using GCTF 129. All 

subsequent data processing was performed in RELION 130, 131, 132. Electron 

micrographs showing signs of drift or astigmatism were discarded, resulting in a 

dataset of 7279 and 12,261 images. A total of 696,991 (dataset 1) and 724,890 

(dataset 2) particles were selected automatically in RELION. Extracted particles were 

subjected to two rounds of 2D and 3D classification to discard defective particles, 

resulting in 370,687 (dataset 1) and 512,903 particles (dataset 2). 3D auto-

refinement resulted in an initial cryo-EM reconstruction with an overall resolution of 

3.1 Å and 3.4 Å for the two datasets. After movie refinement and particle polishing 

the ‘shiny’ particles were subjected to further 3D auto-refinement and post-

processing to yield maps with an overall resolution of 2.9 Å (dataset 1) and 3.2 Å 

(dataset 2) based on the goldstandard Fourier Shell Correlation (FSC) criterion 

calculated within RELION 133, 134. However, the final maps were clearly 

heterogeneous in composition. We therefore sorted the images into subsets by a 

succession of 3D classifications using signal subtraction in RELION 135 (Figure  1—

figure supplement 2). A mask with a voxel value of one inside and zero outside 

extended by four pixels with a soft edge of ten pixels was applied to the intersubunit 

interface, containing Lsg1, Nmd3, eIF6, uL16, H38 and H89, was used for the first 

round of focused classification, providing 10 classes for each dataset (Figure 1— 
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figure supplement 2, mask 1). In dataset 2, a mask was applied around the L1 stalk, 

uL1 and the OB, SH3 and eL31-like domains of Nmd3 to separate the ‘open’ and 

‘closed’ L1 stalk conformations (Figure 1—figure supplement 2, mask 2). Finally, 

identical classes from both datasets were merged to improve the overall resolution. A 

mask was applied around the P stalk in states I and II to reveal different 

conformations of H89 and the presence of Yvh1 (Figure 1—figure supplement 2, 

mask 3). Similarly, further classification (using masks 2 and 3) was performed in 

states III and IV to reveal eL40 (State III, subclass 1) and the retracted L1-stalk 

(State V, subclass 1), respectively. Image processing converged to yield six distinct 

classes (states I-VI) with global resolutions ranging from 3.1 to 3.9 Å (Figure 1—

figure supplement 1E). Local resolution was estimated to range from 2.3 to 6.3 Å 

using ResMap 136 (Figure 1—figure supplement 1F, Figure 1—figure supplement 4). 

 

Model building and refinement 
As an initial starting model, the 3.0 Å crystal structure of the mature 60S subunit 116 

(pdb 4v88) from S. cerevisiae was initially fitted as a rigid body into the cryo-EM map 

of state I using UCSF-Chimera 137. Atomic coordinates for Nmd3, Lsg1, eIF6 and uL1 

(backbone atoms only) were taken from pdb code 5t62 95; Rei1 and Arx1 from pdb 

code 5apn 90; Reh1 from pdb code 5h4p 91; eL40, uL16 and the mature conformation 

of H38 from pdb code 4v88 116. Models were manually adjusted in Coot 138 and 

further refined using Phenix 139 and REFMAC v5.8 adapted for EM-refinement 140. 

Model evaluation was performed in MolProbity 141 (Supplementary file 1A). Cross-

validation against overfitting was performed as described 104 (Figure 1—figure 

supplement 3). Buried surface areas were calculated using the gmx sasa routine in 

GROMACS 142 using the double cubic lattice method 143 with a probe radius of 

0.14 nm. Molecular visualization was performed in UCSF-Chimera 137, ChimeraX 144, 

Pymol (The PyMOL Molecular Graphics System, Version 2.0.6 Schrödinger, LLC) 

and VMD 145. 

 

Molecular dynamics flexible fitting (MDFF) 
Flexible fitting of atomic models was initially performed using MDFF 146. The system 

was set up in vacuo and subjected to energy minimization for 50,000 steps (50 ps) to 

relax any steric clashes. A production run of 1,000,000 steps (one ns) was followed 

to fit the atoms into the EM density. The magnitude of the forces applied to the atoms 
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(scaling factor x) was adjusted to 0.3 kcal/mol. To prevent overfitting, harmonic 

restraints were applied to maintain the secondary structure with a force constant of 

200 kcal mol-1 rad-2. Default values were used to restrain hydrogen bonds, cis-

peptide bonds and chiral centres. All steps were performed using the VMD 

visualization tool 145. The model was optimized in vacuo using NAMD2 147 and the 

CHARMM36 force field 148 for proteins and nucleic acids. 

 

Purification of Lsg1-TAP particles for XL-MS 
Pre-ribosomal particles were purified from S. cerevisiae BY4741 cells by tandem 

affinity purification. Genomically expressed Lsg1-TAP was used as bait protein to 

isolate ribosome assembly intermediates. Therefore, 12 L YPD medium was 

inoculated from 300 ml overnight culture with an OD600 of 0.1 and grown at 30 ˚C to 

OD600 = 0.8–1.0. Cells were harvested by centrifugation at 4300 x g and 4 ˚C for 

12 min. Cell pellets were resuspended in 80 ml cold lysis buffer (LB-P, 50 mM 

HEPES, pH 7.4, 100 mM KCl, 1.5 mM MgCl2, 0.1 % (v/v) NP-40, 5 % (v/v) glycerol, 

pefabloc 1:100, aprotinin and leu- peptin 1:1000) and centrifuged at 4000 x g and 

4 ˚C for 5 min. Washed cell pellets were resuspended in 20 ml LB-P and dripped into 

liquid nitrogen. Frozen droplets of cell suspension were stored at -80 ˚C until milling 

in a pre-cooled Retsch ball mill MM400 at 30 Hz for 2 x 60 s. 150 ml ice cold LB-P 

was added to the frozen cell powder which was thawed on a rolling mixer at 4 ˚C. 

Cell debris was separated from S. cerevisiae lysate by centrifugation at 30,000 x g 

and 4 ˚C for 20 min. The lysate was incubated with 1.2 ml equilibrated IgG sepharose 

beads (GE Healthcare) at 4 ˚C for 3 hr. IgG beads were washed 3 x with LB-P and 

1 x with LB-DTT (50 mM HEPES, pH 7.4, 100 mM KCl, 1.5 mM MgCl2, 0.1 % (v/v) 

NP-40, 5 % (v/v) glycerol, 1 mM DTT). IgG beads were loaded onto a 5 mL Poly- 

prep column using 3 x 10 mL LB-DTT. The column was closed and IgG beads were 

incubated in 4.5 mL LB-DTT with 175 ml TEV protease (produced in-house, 

1.5 mg/mL in 10 % glycerol) at 4 ˚C over night on a rolling incubator. IgG eluate was 

incubated with 1 mL equilibrated calmodulin affinity resin (Agilent) in 15 mL LB-CaCl2 

(50 mM HEPES, pH 7.4, 100 mM KCl, 1.5 mM MgCl2, 0.02 % (v/v) NP-40, 5 % (v/v) 

glycerol, 2 mM CaCl2) at a final CaCl2 concentration of 2 mM on a rolling mixer at 

4 ˚C for 3 hr. Calmodulin beads were loaded onto a 5 mL Polyprep column using 2 x 

20 mL LB-CaCl2 and washed with 1 x 10 mL LB-CaCl2. The column was closed and 

calmodulin beads were incubated with 550 mL LB-EGTA (50 mM HEPES, pH 7.4, 



	
	 70	

100 mM KCl, 1.5 mM MgCl2, 0.01 % (v/v) NP-40, 5 % (v/v) glycerol, 5 mM EGTA) for 

20 min at 4 ˚C on a rolling incubator. The eluate was collected and the elution was 

repeated 3x with 450 mL LB-EGTA. Eluates 1–4 were concentrated using an Amicon 

Ultra 10 K 0.5 mL filter (Merck Millipore) to a final volume of ca. 100 ml in crosslinking 

buffer (20 mM HEPES, pH 8.3, 5 mM MgCl2). 

 

Chemical crosslinking coupled to mass spectrometry (XL-MS) 
XL-MS was carried out essentially as described 64. In short, roughly 100 mg of eluate 

was directly cross-linked with 1.5 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 Fusion Tribrid 

mass spectrometer (Thermo Electron, San Jose, CA). Data were searched using 

xQuest in iontag mode against a database containing ribosomal proteins and known 

assembly factors (total of 380 proteins) of S. cerevisiae with a precursor mass 

tolerance of 10 ppm. For each experiment, only unique cross-links were considered 

and only high-confidence cross-linked peptides that were identified with a delta score 

(deltaS) below 0.95 and an Id-Score above 32, translating to an FDR of 0.2 149, were 

selected for this study. Cross-links were visualised by xiNET software 65. 

 

NMR spectroscopy 
All NMR data was collected at 298 K on an Avance II + 700 MHz spectrometer, 

equipped with a cryogenic triple-resonance TCI probe. 2D BEST-Trosy and standard 

3D triple-resonance experiments were acquired with a sample of 100 mM 15N, 13C 

labelled A. fulgidus Nmd3 (residues 22–150) in PBS buffer with 1.5 mM DTT at 

pH 7.2. Data were processed using Topspin 3.0 (Bruker) and analysed using 

SPARKY (T. D. Goddard and D. G. Kneller - University of California, San Francisco). 

 

Plasmids 
PCR was used to amplify the coding sequence for wild-type uL16 and Nmd3 plus 

500 bp of upstream and downstream of the coding sequence using yeast genomic 

DNA as template. PCR products were cloned into vectors pRS316 (CEN, URA) and 

pRS313 (CEN, HIS) using NEBuilder HiFi DNA Assembly Master Mix (New England 

Biolabs). Partially overlapping primers containing the mutation were used to perform 

site-directed mutagenesis. For plasmids and primers, see Supplementary files 3A, B. 
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Genetic complementation assays 
Haploid yeast cells (strain NE0206, see Supplementary file 3C) transformed with 

plasmids expressing wild type or mutant Nmd3 or vector alone were spotted in ten-

fold serial dilutions onto solid synthetic defined -Ura -His medium containing glucose 

as carbon source for 2 days at 37 ˚C. 
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3.2.11. Additional files 
 
The following section contains supplementary files as well as figure supplements for 

figure 1 – 6. Video 1 and the tables containing supplementary files 1 – 3 are 

accessible as additional files with the DOIs specified below. 
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Figure supplements 

 
Figure 1—figure supplement 1. Sample purification, cryo-EM image analysis 
and local resolution of pre-60S particles. (A) Schematic of pre-60S Lsg1- TAP 
affinity purification protocol. (B) Analysis of crude extract and supernatant by 
Coomassie-stained SDS-PAGE (left) and immunoblotting (right) with the indicated 
antibodies. (C) Representative micrograph from the Lsg1-TAP dataset. (D) 
Representative reference-free class averages of the Lsg1-TAP particles used for 3D 
classification. (E) Gold-standard Fourier shell correlation (FSC) curves after 3D 
refinement in RELION 150, 130. (F) Surface views of unfiltered states I-VI coloured 
according to local resolution calculated in ResMap 136. DOI: 
https://doi.org/10.7554/eLife.44904.004 
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Figure 1—figure supplement 2. Cryo-EM data processing scheme. Maximum 
likelihood classification scheme and masks used to obtain native pre-60S maturation 
states I-VI. The two datasets were processed independently and identical classes 
from each dataset merged to yield six different states with five subclasses, 
highlighted in red at the bottom. Insets show the positions of the three masks (blue) 
on the 60S subunit (grey). DOI: https://doi.org/10.7554/eLife.44904.005 
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Figure 1—figure supplement 3. Cross-validation against overfitting. FSC curves 
are shown between the final refined atomic model of the states I-IV complexes and 
the reconstructions from all particles (orange); between the model refined in the 
reconstruction from only half of the particles and the reconstruction from that same 
half (red); and between that same model and the reconstruction from the other half of 
the particles (blue) calculated by REFMAC v5.8 140.  
DOI: https://doi.org/10.7554/eLife.44904.006 
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Figure 1—figure supplement 4. Local resolution for ribosome assembly 
factors, eL40 and uL16. Surface views of factors extracted from the indicated states 
are coloured by local resolution calculated in ResMap 136 and accompanied by 
atomic models. The Nmd3 N-terminus and Lsg1 are low-pass filtered, other factors 
unfiltered. DOI: https://doi.org/10.7554/eLife.44904.007 
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Figure 1—figure supplement 5. Protein-protein interaction network of pre-
ribosomal particles purified by Lsg1-TAP. Biological replicates I (A) and II (B) of 
cross-linked pre-ribosomal particles immunopurified using Lsg1-TAP are shown. 
Proteins are represented as circles. Lysine residues are blue, crosslinks are black or 
grey (if multiple linkage sites were identified). Crosslinks are depicted at the residue 
level for Lsg1, Nmd3, Reh1 and Rei1. Inter- protein crosslinks are green; intra-protein 
crosslinks are purple. DOI: https://doi.org/10.7554/eLife.44904.008 
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Figure 3—figure supplement 1. NMR spectroscopic analysis of A. fulgidus 
Nmd3. (A) Assigned 1H-15N BEST-TROSY spectrum of residues 22–150 in solution. 
(B) Heteronuclear 1H(15N) NOE analysis of A. fulgidus Nmd3. Values close to one 
indicate rigid secondary structure and values < 1 have individual flexibility on the 
picosecond timescale. Exchange broadened residues are marked with grey bars. 
DOI: https://doi.org/10.7554/eLife.44904.011 
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Figure 6—figure supplement 1. Release of Nmd3 eL22-like domain involves 
new contacts with H69. Nmd3 eL22-like domain is shown in magenta (state IV) and 
gold (state V), H69 is yellow. DOI: https://doi.org/10.7554/eLife.44904.015 
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Figure 6—figure supplement 2. Structural conflicts during the completion of 
PTC assembly. (A) Structural conflict between the Nmd3 β4–5 loop and the uL16 P-
site loop. Inset shows the Nmd3 β4–5 loop (magenta) from state IV superimposed 
with the uL16 P-site loop (dark salmon) from state V bound to base A2971 in the 
flipped-out conformation. Arrow indicates the change in conformation of base A2971 
between states IV-V. (B) Lsg1 and Nmd3 are placeholders for SBDS. SBDS (pdb 
6qkl, 5anc) is superimposed with the cryo-EM density map of state I. Cryo-EM 
density for Lsg1 is blue, Nmd3 is magenta, SBDS (pdb 6qkl) is brown, SBDS (pdb 
5anc) is gold. DOI: https://doi.org/10.7554/eLife.44904.016 
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Figure 6—figure supplement 3. Quality control assessment of PTC assembly 
by SBDS. (A) Interactions between uL16 (dark salmon), SBDS (light orange) and 
Dictyostelium base A3304 (equivalent to yeast A2971) (gold). (B) Interactions of 
uL16 with the A site (dark green) and P site (cyan) tRNAs (pdb 5gak). (C) Potential 
cross-talk between SBDS and Reh1 in the peptide exit tunnel. The cryo-EM density 
for SBDS (orange, pdb code 6qkl) is superimposed with the cryo-EM density map of 
state VI. Reh1 density is green. DOI: https://doi.org/10.7554/eLife.44904.017 
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Figure 6—figure supplement 4. Suppression of the T-ALL associated uL16-
R98S variant by mutations in NMD3. Complementation of GAL10::RPL10 rpl10-
R98S cells with nmd3 variant alleles. Ten-fold serial dilutions (from left to right) of the 
indicated strains are shown. DOI: https://doi.org/10.7554/eLife.44904.018 
 

 
 
Figure 7—figure supplement 1. The uL16 sequence and structure are highly 
conserved. (A) Protein sequence alignment of uL16 from Homo sapiens, 
Saccharomyces cerevisiae, Dictyostelium discoideum, Caenorhabditis elegans and 
Drosophila melanogaster. Residue R98 (mutated in T-ALL) is highlighted in bold and 
marked with a red arrow (~). The alignment was performed using Clustal Omega 151. 
(B) Superposition of corresponding atomic models for uL16 (pdb entries 6ek0 152, 
4v88 116, 6qkl 104 and 4v6w 153). DOI: https://doi.org/10.7554/eLife.44904.020 
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Data availability 
The cryo-EM density maps have been deposited in the Electron Microscopy Data 

Bank with accession numbers EMD-10068, EMD-10071, EMD-4560, EMD-4636, 

EMD-4884 and EMD-4630. Atomic coordinates have been deposited in the Protein 

Data Bank, with entry codes 6RZZ, 6S05, 6QIK, 6QTZ, 6RI5 and 6QT0. 

The following datasets were generated: 

 

Author(s) Year Dataset title Dataset URL Database and 
Identifier 

Vasileios Kargas, 
Pablo Castro-
Hartmann, 
Norberto 
Escudero-
Urquijo, Kyle 
Dent, Alan John 
Warren 

2019 Cytoplasmic 
60S ribosomal 
subunit 
(state I - 
subclass 1) 

http://www.ebi.
ac.uk/ 
pdbe/entry/emd
b/EMD- 
10066 

Electron 
Microscopy 
Data Bank, EMD-
100 
66 

Vasileios Kargas, 
Pablo Castro-
Hartmann, 
Norberto 
Escudero-
Urquijo, Kyle 
Dent, Alan John 
Warren 

2019 Cytoplasmic 
60S ribosomal 
subunit 
(state I - 
subclass 2) 

http://www.ebi.
ac.uk/ 
pdbe/entry/emd
b/EMD- 
10067 

Electron 
Microscopy 
Data Bank, EMD-
100 
67 

Vasileios Kargas, 
Pablo Castro-
Hartmann, 
Norberto 
Escudero-
Urquijo, Kyle 
Dent, Alan John 
Warren 

2019 Cytoplasmic 
60S ribosomal 
subunit 
(state II - 
subclass 1) 

http://www.ebi.
ac.uk/ 
pdbe/entry/emd
b/EMD- 
10070 

Electron 
Microscopy 
Data Bank, EMD-
100 
70 

Vasileios Kargas, 
Pablo Castro-
Hartmann, 
Norberto 
Escudero-
Urquijo, Kyle 
Dent, Alan John 
Warren 

2019 Cytoplasmic 
60S ribosomal 
subunit 
(state III - 
subclass 1) 

http://www.ebi.
ac.uk/ 
pdbe/entry/emd
b/EMD- 
10009 

Electron 
Microscopy 
Data Bank, EMD-
1000 
9 

Vasileios Kargas, 
Pablo Castro-
Hartmann, 
Norberto 
Escudero-
Urquijo, Kyle 

2019 Cytoplasmic 
60S ribosomal 
subunit 
(state V - 
subclass 1) 

http://www.ebi.
ac.uk/ 
pdbe/entry/emd
b/EMD- 
10039 

Electron 
Microscopy 
Data Bank, EMD-
100 
39 
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Dent, Alan John 
Warren 

Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Cytoplasmic 
60S ribosomal 
subunit  
(state I) 

http://www.ebi.
ac.uk/ 
pdbe/entry/emd
b/EMD-10068 

Electron 
Microscopy 
Data Bank, EMD-
10068 

Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Cytoplasmic 
60S ribosomal 
subunit  
(state II) 

http://www.ebi.
ac.uk/ 
pdbe/entry/emd
b/EMD-10071 

Electron 
Microscopy 
Data Bank, EMD-
10071 

Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Cytoplasmic 
60S ribosomal 
subunit  
(state III) 

http://www.ebi.
ac.uk/ 
pdbe/entry/emd
b/EMD-4560 

Electron 
Microscopy 
Data Bank, EMD-
4560 

Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Cytoplasmic 
60S ribosomal 
subunit  
(state IV) 

http://www.ebi.
ac.uk/ 
pdbe/entry/emd
b/EMD-4636 

Electron 
Microscopy 
Data Bank, EMD-
4636 

Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Cytoplasmic 
60S ribosomal 
subunit  
(state V) 

http://www.ebi.
ac.uk/ 
pdbe/entry/emd
b/EMD-4884 

Electron 
Microscopy 
Data Bank, EMD-
4884 

Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Cytoplasmic 
60S ribosomal 
subunit  
(state VI) 

http://www.ebi.
ac.uk/ 
pdbe/entry/emd
b/EMD-4630 

Electron 
Microscopy 
Data Bank, EMD-
4630 

Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Atomic model 
of cytoplasmic 
60S ribosomal 
subunit  
(state I) 

http:// 
www.rcsb.org/ 
structure/6RZZ 

Protein Data 
Bank, 6RZZ 

Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Atomic model 
of cytoplasmic 
60S ribosomal 
subunit  
(state II) 

http:// 
www.rcsb.org/ 
structure/6S05 

Protein Data 
Bank, 6S05 

Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Atomic model 
of cytoplasmic 
60S ribosomal 
subunit  
(state III) 

http:// 
www.rcsb.org/ 
structure/6QIK 

Protein Data 
Bank, 6QIK 

Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Atomic model 
of cytoplasmic 
60S ribosomal 
subunit  
(state IV) 

http:// 
www.rcsb.org/ 
structure/6QTZ 

Protein Data 
Bank, 6QTZ 
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Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Atomic model 
of cytoplasmic 
60S ribosomal 
subunit  
(state V) 

http:// 
www.rcsb.org/ 
structure/6RI5 

Protein Data 
Bank, 6RI5 

Kargas V, Castro 
PH, Escudero 
NU, Dent K, 
Warren AJ 

2019 Atomic model 
of cytoplasmic 
60S ribosomal 
subunit  
(state VI) 

http:// 
www.rcsb.org/ 
structure/6QT0 

Protein Data 
Bank, 6QT0 
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3.3. Manuscript 3: A comprehensive landscape of 60S ribosome biogenesis 
factors. Submitted to Molecular Cell 2020. 
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3.3.4. Summary 
	
Eukaryotic ribosome biogenesis is facilitated and regulated by numerous ribosome 

biogenesis factors (RBFs). High-resolution cryo-EM maps have defined the 

molecular interactions of RBFs during maturation, but many transient and dynamic 

interactions, particularly during early assembly, remain uncharacterized. Using 

quantitative proteomics and crosslinking coupled to mass spectrometry (XL-MS) data 

from a extensive set of pre-ribosomal particles, we derived a comprehensive and 

time-resolved interaction map of RBF engagement during 60S maturation. A novel 

filter that efficiently eliminates false positive interactions and integration of our MS 

data with known structural information allowed us to localize 22 unmapped RBFs to 

specific biogenesis intermediates and to identify 9 proteins that represent potentially 

new RBFs. Our analysis reveals an extensive interaction network for the casein 

kinase complex in 60S maturation and elucidates the interaction network and timing 

of 60S engagement by DEAD-box ATPases. Our data provide a powerful resource 

for future studies of 60S ribosome biogenesis. 

 

3.3.5. Introduction 
	
Ribosome biogenesis is a complex, multistep maturation process that assembles 

protein and RNA components across multiple cellular compartments to generate 

mature ribosomes. Around 200 ribosomal biogenesis factors (RBFs) engage pre-

ribosomes during assembly but are not components of mature ribosomes 154, 155, 156, 

157. The majority of ribosomal RNA (rRNA) is synthesized as a single transcript, the 

35S rRNA, that contains the 18S (small subunit) as well as the 5.8S and 25S rRNA 

(large subunit) elements found in mature ribosomes. RBFs are crucial for the precise 

processing of 35S rRNA into mature rRNAs and for the ordered incorporation of 

ribosomal proteins (r-proteins) during biogenesis. RBFs achieve this by engaging 

specific intermediate states and by guiding structural and conformational 

rearrangements of the rRNA during maturation. Changes in RBF composition 

correlate with the movement of pre-ribosomes from the nucleolus to the cytoplasm, 

suggesting that RBF composition guides the cellular movement of pre-ribosomes. 

Depending on their individual functions, some RBFs engage maturing ribosomes 

transiently, while others remain bound for prolonged periods during biogenesis.  



	
	 91	

The focus of this study is the 60S biogenesis pathway in the yeast Saccharomyces 

cerevisiae, beginning with intermediates that immediately precede the physical 

separation of 18S and 27S rRNA after 35S cleavage at the A2 site within the internal 

transcribed spacer 1 (ITS1). Initially, studies of 60S biogenesis focused on rRNA 

processing events, especially the precise, multi-step excision of internal transcribed 

spacer 2 (ITS2), located between the 5.8S and the 25S rRNA on the 27S pre-rRNA, 

and on the proteomic characterizations of various affinity purified biogenesis 

intermediates 157, 158. While these studies have provided a broad catalog and a 

coarse timeline of the biogenesis factors involved in 60S maturation, a rigorous 

quantitative analysis of the entire pre-60S assembly proteome has not been carried 

out to date. More recently, multiple cryo-EM reconstructions of 60S pre-ribosomal 

particles have allowed the structural mapping of many assembly factors and offered 

insights into their hierarchical incorporation in sequential 60S intermediates 114, 121, 122, 

159, 160, 161, 162. 

Despite this remarkable assortment of structural models, the low abundance and 

inherent dynamics of pre60S assemblies still make it extremely challenging to 

resolve structures of more transient assembly intermediates or to visualize dynamic 

regions, something that is particularly true for early nucleolar assembly 

intermediates. This is reflected in the fact that no structural or functional information 

exists for over half of the known RBFs associated with 60S biogenesis, even though 

they play important roles in 60S maturation. Among ribosome biogenesis factors 

whose structural role has remained elusive are seven members of the DEAD-box 

family of ATPases. These proteins are thought to play fundamental roles in ribosome 

biogenesis, catalysing energy-consuming rRNA remodelling events to unidirectionally 

drive specific maturation steps during ribosome assembly 154, 163, 164. To date, of the 

eight DEAD-box ATPases associated with 60S biogenesis, only Has1 has been 

successfully positioned in high-resolution cryo-EM maps of 60S pre-ribosomal 

particles 121, 122, 162. 

In this study, we use large scale biochemical enrichments of a comprehensive set of 

60S pre-ribosomal particles in the yeast Saccharomyces cerevisiae to identify and 

quantify individual RBF abundances within 60S intermediates and use them to create 

a comprehensive and precise timeline of RBF engagement during 60S maturation. In 

addition, XL-MS was used to identify interaction partners for individual RBFs, 

implementing a novel mono- and intralink filter (mi-filter) that significantly improves 
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false-discovery rates for medium to large scale XL-MS data. Combined, this data 

allows us to expand the 60S engagement profile of structurally characterized factors, 

to localize structurally uncharacterized RBFs and to identify potential novel 60S 

biogenesis factors. Overall, our comprehensive data represents an essential 

resource for future structural studies of large subunit ribosome biogenesis. 

 

3.3.6. Results 
	
An overall timeline of 60S biogenesis derived from quantitative MS-data 
To generate a comprehensive, time-resolved dataset of RBF engagement during 60S 

biogenesis, we selected RBFs covering the entire 60S maturation pathway as baits 

for the large-scale biochemical enrichment of 60S pre-ribosomal particles. Samples 

were analysed using our integrated Affinity-Purification Label-Free Quantification and 

XL-MS (AP-MS LFQ/ XL-MS) workflow (Figure 1A). This strategy allowed us to 

simultaneously generate a precise proteomic profile of RBF abundance by identifying 

and quantifying non-crosslinked peptides in each sample, thereby reconstructing the 

overall timeline of 60S ribosomal biogenesis, and to define the protein interaction 

network for each of the purified pre-ribosomal particles using chemical crosslinking 

(Figure 1A). In total, the affinity purification of 36 independently purified samples from 

12 different RBFs allowed us to reliably quantify 272 proteins using MaxQuant 165, 166 

in combination with the Perseus 167 package for statistical validation (Figure 1B to D, 

Figures S1 to S4, Supplementary Data 1; see STAR Methods for details).  

Unbiased hierarchical clustering based on similarities in measured protein 

abundances shows that biological replicates always cluster together, reflecting the 

robustness and reproducibility of our sample purification and analysis workflow 

(Figure S1). The clustering analysis places 60S intermediates purified with affinity-

tagged Noc1 at the beginning of the timeline, followed by intermediates containing 

Rsa3, Ssf1, Nop16, Ytm1, Nsa1, Cic1, Rix1, Nop12, Nog2, Arx1 and Lsg1 (Figure 

S1). This timeline is broadly consistent with previous structural, biochemical and 

genetic studies 154, 156, 157, 168. 
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Figure 1: Timeline of 60S ribosomal biogenesis  
(A) Schematic overview of our AP-MS LFQ & XL-MS workflow. Different RBFs were 
used to affinity purify 60S pre-ribosomal particles. Particles were crosslinked and 
analysed by LC-MS/MS. Non-crosslinked peptides were used for the identification 
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and quantification of proteins with a label free approach in order to generate a 
correlative abundance pattern and crosslinked peptides were used to obtain particle 
specific protein-protein interaction networks. (B) Abundance pattern of quantified 
proteins from AP-MS data used to generate a timeline of RBF involvement in 60S 
ribosome assembly. Shown is a heatmap of all 272 proteins, which were reliably 
identified and quantified in pre-ribosomal particles from 12 different RBFs used as 
bait proteins (biological triplicates; n=3). RBFs used as bait proteins (x-axis) are 
shown on top and are plotted versus their respective interactors (y-axis). Protein 
abundances are sorted by unbiased hierarchical clustering and are shown as Z-score 
normalized log2 transformed LFQ values ranging from ≤ -4.0 (white) to 0.0 (azure 
blue) to ≥ 2.5 (dark blue) from early to late assembly states. Interactors are 
additionally grouped into ’early’ (red), ’early-intermediate’ (orange), ’intermediate’ 
(blue), intermediate-late’ (yellow) and ’late’ (green) proteins. (C) Abundance pattern 
of RBFs with known localization from previous pre-60S high-resolution studies. (D) 
Abundance pattern of RBFs for which no structural information at pre-ribosomal 
particles has been available so far. 
 

Nine of our baits (Ssf1, Nop16, Ytm1, Nsa1, Cic1, Rix1, Nog2, Arx1 and Lsg1) have 

been identified and modelled in cryo-electron microscopy (Cryo-EM) reconstructions 

of 60S intermediates 114, 121, 122, 159, 160, 161, 162 and their distribution among known 60S 

intermediate structures is consistent with the timeline derived from our MS data 

(Figure 2A). Our other bait RBFs (Noc1, Rsa3 and Nop12) have not been identified in 

any 60S structural reconstructions to date. In line with previous proteomic studies 169, 

170, our analysis places Noc1 and Rsa3 at the early end of our timeline, with a protein 

distribution pattern that is distinct from later intermediates (Figure 1B). In particular 

the presence of the RBFs Rrp5, Rok1 and Rex4, critical mediators of ITS1 

processing 171, 172, other RBFs associated with small subunit biogenesis as well as 

40S r-proteins, suggest that these intermediates span the cleavage of 35S into small 

and large ribosomal rRNA fragments, and thus represent the earliest independent 

pre-60 complexes. Intermediates purified using affinity-tagged Nop12 cluster with 

nucleoplasmic intermediates containing Nog2 and Rix1 in our overall timeline of 60S 

ribosome biogenesis. However, the pattern of particles purified with affinity-tagged 

Nop12 shows additional complexity and some enrichment with proteins linked to 

early or early to intermediate nucleolar 60S assembly stages (Figure 1B to D, S2 and 

S3), thus not ruling out a broader involvement of Nop12 in 60S biogenesis. 

Our final dataset contains a total of 131 proteins previously annotated as ribosome 

biogenesis factors in the literature 157 or in the Saccharomyces genome database 

(SGD) 173. 77 of these 131 RBFs have been modelled at atomic resolution into cryo-

EM maps of pre-40S (28 RBFs) and pre-60S (49 RBFs) ribosomal intermediates 121, 
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122, 159, 160, 161, 162, 174, 175, 176, 177. The presence of pre-40S RBFs in the early stages of 

our timeline indicates that some of our earliest pre-60S samples are still tethered to 

pre-40S particles via ITS1 and that our samples therefore encompass the entire 60S 

assembly landscape. In total, 53 RBFs have been modeled at atomic resolution into 

cryo-EM maps of pre-60S ribosomal intermediates. We reliably identify and quantify 

49 of the 53 RBFs modeled into cryo-EM maps of 60S pre-ribosomal particles, (the 

missing factors are Cgr1 160, 161, Ria1 and Sdo1/Rtc3, which are the yeast 

homologues of EFL1 and SBDS, respectively 104) (Figure 1C, Figure S3, 

Supplementary Data 1). The near complete coverage of previously localized RBFs 

and the accurate clustering of characterized RBFs validate our approach and speak 

to the high reliability of our dataset. In addition to the 49 RBFs with established 

positions in pre-60S particles, we identify and quantify an additional 47 (of the 

remaining 54) proteins in our dataset that have been linked to large subunit 

biogenesis through biochemical and genetic studies 157, 173 (Figure 1D, 

Supplementary Data 1). 

Peptides of an additional 82 non-ribosomal proteins can be readily detected and 

quantified in our samples (Figure S4, Supplementary Data 1). The known functions, 

high cellular abundance and lack of an obvious link to ribosome biogenesis suggest 

that most of these proteins are minor contaminants in our purifications. However, a 

subset of factors are potentially uncharacterized biogenesis factors, including Tma16, 

Stm1, Nap1, Lhp1, Pab1, Sro9, YMR310C, YGR283C and YCR016W. Tma16 was 

identified in a screen for ribosome associated factors 178; Stm1 has a variety of 

functions in ribosome homeostasis 179; Nap1, among other functions, chaperones 

Rps6 and may directly facilitate 40S biogenesis 180; Lhp1 is a yeast La protein 

homolog required for the maturation of tRNAs and could plausibly have a function in 

ribosome biogenesis 181. Pab1 is traditionally associated with mRNA processing, but 

also has genetic interactions with ribosome biogenesis factors 182; Sro9 is an RNA-

binding protein that associates with translating ribosome but also shuttles between 

the nucleus and cytoplasm 183; YMR310C and YGR283C are uncharacterized 

paralogs with predicted methyltransferase function. These ORFs, along with the gene 

encoding another nucleolar protein present in our dataset, YCR016W, are part of a 

large ribosome biogenesis regulon 184. 
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Figure 2: Assigning structurally uncharacterized RBFs to specific 60S cryo-EM 
reconstructions 
(A) TOP – distribution of affinity-tagged RBF used for our timeline among 
representative models derived from pre-60S cryo-EM reconstructions. MIDDLE- 
nucleolar pre-60 intermediates :1 (pdb 6EM1), 2 (pdb 6ELZ); nucleoplasmic pre-60 
intermediates: 3 (pdb 3JCT), 4 (pdb 6YLH); cytoplasmic pre-60 intermediates: 5 (pdb 
6N8J), 6 (pdb 6RZZ). BOTTOM –extended distribution of 5S rRNP (uL5, uL18, Rpf2 
and Rrs1) and L1 stalk (Nop2, Nip7 and uL1) complexes to early nucleolar 
intermediates based on quantitative mass spec data (dashed boxes) and association 
of rRNA modifying enzymes to distinct pre-60S structural intermediates derived from 
correlation with quantitative mass spectrometry data. Colour patterns are the same 
as in Figure 1. (B) Heatmap of abundance patterns of DEAD-box ATPases in our 
timeline, along with most closely associated factors as determined by Pearson 
correlations. Protein abundances are shown as Z-score normalized log2 transformed 
LFQ values ranging from ≤ -3.0 (white) to -0.5 (azure blue) to ≥ 2.0 (dark blue). Close 
associations of DEAD-box proteins (highlighted in red) are bracketed. (C) Heatmap 
of pairwise Pearson correlations of the proteins shown in panel B. DEAD-box 
proteins are labeled in red. Correlations >0.95 are shown and coloured according to 
the legend. 
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Assignment of unmapped factors to distinct 60S intermediate structures 
Pre-60S structural intermediates can be broadly divided into nucleolar, nucleoplasmic 

and cytoplasmic assemblies, characterized by distinct rRNA processing states and 

compartment-specific RBFs. Characteristic differences in RBF composition can 

therefore be used to associate structurally uncharacterized RBFs with individual pre-

60S cryo-EM structures. For our analysis, we chose two representative structures for 

each subcellular compartment (Figure 2A). The first nucleolar structure is 

characterized by the presence of the RBFs Rrp14, Rrp15 and Ssf1/Ssf2 121, 122, while 

the second one contains the proteins Noc3, Spb1 and Spb4 121, which engage the 

pre-60S after organization of rRNA domain III onto the core of the 60S and the 

release of Rrp14/Rrp15/Ssf1. The release of pre-60S particles from the nucleolus 

into the nucleoplasm coincides with the organization of the L1 stalk and the 

incorporation of the GTPase Nog2. Our representative nucleoplasmic pre-60S 

particles represent states before and after rotation of the 5S rRNA, which is marked 

by the release of RBFs Rpf2/Rrs1 and the recruitment of the Rix1 complex 160, 161. 

After nuclear export, final maturation occurs in the cytoplasm, as typified by the 

structures of early and late cytoplasmic 60S intermediates 114, 159. As our quantitative 

data mirrors these changes in RBF composition, we can use individual abundance 

correlations between these “marker” RBFs and unmapped RBFs to assign them to 

specific structural intermediates. In addition, we can expand the presence of 

structurally characterized factors to intermediates where they are associated with 

dynamic regions that are not currently resolvable in cryo-EM maps (Figure 2A). The 

correlation between early and late nucleolar RBFs and components of the 5S rRNP 

(uL5, uL18, Rrs1 and Rpf2) (Figure 1C and S2) indicates that the 5S rRNP is 

recruited to the maturing 60S particle at an early stage, before it is resolvable in cryo-

EM maps, possibly after the release of Mak11 and the binding of Nog1, Mrt4, Nsa2 

and uL6. Similarly, our data indicates that the L1-stalk-interacting factors Nop2 and 

Nip7 as well as uL1 are already present in early nucleolar structures, although most 

likely in a more dynamic, unmoored state compared to late nucleolar particles 

(Figures 1C, 2A and S2).  

During maturation, rRNAs are extensively modified by snoRNA guided enzymatic 

complexes, resulting in pseudouridylation and 3´-OH methylation of ribose moieties. 

In addition, eight large subunit rRNA bases are modified by dedicated 

methyltransferases 185. Our quantitative MS data in combination with known 
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structural intermediates allow us to place some of these catalytic activities into the 

60S timeline (Figure 2A and S5). Components of the box H/ACA enzymatic complex 

(Cbf5, Gar1 and Nhp2), while most abundant in early, structurally uncharacterized 

intermediates and correlating most strongly with the box C/D components Nop1, 

Nop56 and Nop58 involved in late pre-40S processing (Figure S5), are also detected 

in the Ssf1/Rrp15/Rrp14-containing structures (Figure 1D), suggesting that some 

snoRNA guided pseudouridylation and 2’O-methylation events may occur after some 

domains of the 60S rRNA have already folded. Because the H/ACA and C/D 

complexes are directed to modification sites by guide snoRNA, this suggests rRNA 

domains III and IV, which are not ordered in these structures, may still be accessible 

to snoRNA mediated modification. Our data also associates the activities of base-

modifying methyltransferases with specific maturation intermediates: Rcm1 and 

Bmt2, which respectively catalyse the m1A and m5C methylation at rRNA residues 

2278 and 2142, are enriched in late nucleolar particles (Figures 1D and 2A, Figure 

S5). The target nucleotides of these enzymes are located in rRNA domain IV, which 

is not ordered in the available nucleolar structures and therefore likely to be 

accessible for base modification. Another methyltransferase, Bmt5, catalyzes the 

m3U modification at nucleotide 2634. The abundance distribution of Bmt5 suggests 

that this modification occurs after pre-60S nucleolar release and Nog2 binding, but 

before 5S rRNP rotation and Rix1 binding (Figures 1D and 2A, Figure S5). In fact, 

the loop containing U2634 is solvent exposed in the pre-rotation state, but buried 

after 5S rRNA rearrangement 114, 161, a process that may be promoted by base 

modifications. Finally, the distribution of the C2 processing factors Las1/Grc3 

correlates strongly with the binding of Rix1/Rea1, allowing us to narrowly define the 

timing of Las1 recruitment to the C2 site (Figures 2A and S5). This correlation 

between Las1 and the Rix1/Rea1 complex is consistent with the fact that Rix1-

containing particles have distinct pools of particles with or without the ITS2 foot 

structure 160. Finally, we observe a close correlation between Ecm1 and the major 

export receptors Mex67/Mtr2, suggesting a functional link between these proteins in 

60S nuclear export (Figures 2A and S5). 

 

Timing of DEAD-box ATPases in 60S biogenesis 
Perhaps the most prominent group of proteins “missing” from current cryo-EM 

structures are DEAD-box ATPases. These enzymes possess ATP-dependant RNA 
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translocation and RNA strand-separation activities and play a crucial role in RNA 

biology and are prominently represented among ribosome biogenesis factors 186. 

While the precise role of these proteins in 60S biogenesis is unknown, they are 

thought to facilitate ATP-driven rRNA remodelling steps during ribosome assembly 
154. Of the eight DEAD-box ATPases associated with 60S assembly, only Has1 has 

been modelled121, 122. However, Has1 has a structural, ATP-independent role in 60S 

biogenesis that is distinct from its catalytic function in 40S assembly 187. No high-

resolution structural information exists for the remaining seven DEAD-box ATPases 

(Dbp6, Dbp7, Dbp9, Dbp10, Drs1, Mak5 and Spb4), although a tentative placement 

has been proposed for Spb4 121, 122, and rRNA regions contacting Mak5, Dbp10 and 

Spb4 have been defined by CRAC experiments 188, 189. 

In this study, all eight DEAD-box proteins are reliably identified and quantified in our 

dataset (Figure 2B), allowing us to define the timing of their engagement with pre-

60S particles by analysing their quantitative distribution in our clustering analysis. 

Dbp6 clusters with the earliest samples (Noc1, Ras3), a placement that is consistent 

with previous studies showing that Dbp6 and Rsa3 form a stable complex that also 

includes Urb1/Urb2 and Nop8, 169, 190. Dbp7, Dbp9 and Mak5, while already present 

in the Noc1 and Rsa3 particles, exhibit a broader distribution in our clustering pattern, 

extending into samples containing Ssf1 and Rrp14/15 (Figure 2B). Drs1 and Dbp10 

are absent in the earliest clusters, but feature prominently in the intermediate 

nucleolar samples (Figure 2B). Spb4 shows up last in our timeline and uniquely 

extends into pre-ribosomal particles containing Rix1, suggesting that Spb4 

engagement occurs last among DEAD-box proteins (Figure 2B). DEAD-box function 

appears to be restricted to the nucleolus, with only low levels observed in 

nucloplasmic or cytoplasmic particles. To obtain a more detailed picture of individual 

pairwise interactions between DEAD-box ATPases, we calculated individual 

abundance distribution correlations between each ATPase and all RBFs in our pool, 

selecting for the strongest correlations (pairwise Pearson correlations ≥ 0.95) (Figure 

2C; see STAR Methods for details). This analysis reveals a close abundance 

correlation between Dbp9, Mak5 and Mak11 and between Spb4 and Rrp17, 

reflecting the broad pattern discussed above and suggesting a role for Dbp9 and 

Mak5 in the early stages of nucleolar assembly and a late nucleolar role for Rrp17191.  
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Implementation of a mono- and intralink filter (mi-filter) to improve false-
discovery rates in AP-MS XL-MS data 
Obtaining an overall timeline for 60S biogenesis using our AP-MS derived label-free 

quantification data can be achieved even with significant “noise” contributions, given 

the typically low false-discovery rates for these experiments 165, 166, 167. However, 

potentially higher false discovery rates can undermine the confidence in individual 

protein-protein interactions (PPIs). Current state-of-the-art XL-MS workflows are 

challenged by low-abundance proteins 192, and their false discovery rates (FDRs) are 

frequently underestimated 193. Because the localization of previously unmapped or 

novel RBFs relies entirely on inter-protein crosslinks (interlinks), the high FDRs often 

associated with interlinks represent a challenge to our affinity enriched XL-MS 

dataset 194.  

To increase the reliability of our dataset and to enable the localization of completely 

novel or previously unmapped RBFs with high confidence, we set out to filter out 

false-positive PPIs. To date, FDR assessment in XL-MS has been primarily 

addressed through the optimization of scoring algorithms and the use of decoy 

databases 193, 195, 196, 197, 198. Here, we took a different approach and used the 

expected distribution of monolinks, intralinks and interlinks in our sample to filter out 

false positive PPIs: If a protein is present at high-enough quantity to be detectable by 

XL-MS, monolink and intra-protein crosslinks will be generated at higher rates than 

interlinks (monolinks are formed when only one of the two the active groups of the 

crosslinker is able to react with a lysine side-chain) 192. The mi-filter in our workflow 

stipulates that only proteins identified with at least one monolink or intra-protein 

crosslink within our dataset can be considered a bona fide interlink representing a 

legitimate PPI. This simple and intuitive filtering has a dramatic effect on our analysis: 

Using the Rix1 dataset as an example, a “standard” filter setting relying on one 

identified high-confidence crosslink per unique crosslinking site results in high FDRs, 

in particularly for inter-protein crosslinks (Figure 3 A, D, G, J). A more stringent filter 

setting relying on two independently identified high-confidence crosslinks improves 

the overall FDR to ~4 %, a 7.5 % reduction, but still results in a high percentage of 

unreliable interlinks and an overall low degree of confidence in individual PPIs 

(Figures 3 B, E, H, K).  
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Figure 3: Mono- and intralink filter (mi-filter) for improved false-discovery rates 
in large scale AP-MS XL-MS data.  
Illustration of the three different filter criteria used to test their influence on the false-
discovery rate (FDR) in our crosslink dataset. Shown are true positive crosslinks 
(hits) in blue and false-positive (decoys) in red. (A) The “standard” filter setting relies 
on one identified high-confidence crosslink per unique crosslinking site. (B) The more 
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stringent filter setting relies on two independently identified high-confidence crosslink 
per unique crosslinking site (among all datasets). (C) For the final filter setting the 
mono- and intralink filter (mi-filter) was applied. The mi-filter requires that for each 
protein involved in an inter-protein crosslink also at least one mono- or intralink had 
to be detected in one of the biological replicates. (D, E, F) Bar charts for each filter 
setting and the respective FDRs (shown in percent) for all link types for the Rix1 
dataset. (G, H, I) Venn diagrams showing the overlap between the three independent 
biological replicates of the Rix1 particle for all link-types and (J, K, L) for inter-protein 
crosslinks only. (M, N, O) Bar charts for each filter setting and the respective FDRs 
(shown in percent) for all link types in our whole dataset. Please note that for H, I, K 
and L all links, which were identified in only 1 biological replicate of Rix1 pre-
ribosomal particles, were also identified in at least one other pre-ribosomal particle. 
 

Application of the mi-filter however results in a dramatically improved overall FDR of 

<0.5 %, and most strikingly, yields a near 100-fold improvement in the FDR for inter-

protein crosslinks (Figure 3 C, F, I, L). By applying the mi-filter to our complete 

crosslink dataset, the interlink FDR is improved to <0.4 %, ensuring that the filtered 

PPIs can be mapped with great confidence (Figure 3 M, N, O). 

 

A database of high-confidence interlinks in 60S biogenesis intermediates 
Our final crosslink dataset, after application of the mi-filter, consists of over 60000 

mono- and crosslinks, with 2844 inter-protein crosslinks among 145 individual 

proteins (Supplementary Data 2). 71 of these involve r-proteins of the large or small 

subunit (including homologous r-proteins) and another 50 are associated with 

structurally characterized RBFs (46 60S factors and 4 90S/40S factors). Only 7 RBFs 

known to be present in pre-60 intermediates are not represented by an interlink in our 

database (Tif6, Bud20, Sdo1, Ria1, Reh1, Mak16, and Rtc3). The remaining 352 

interlinks involve 24 proteins with currently unknown localization (Supplementary 

Data 2). In order to visualize the sites of action of these remaining RBFs, we overlaid 

crosslink networks on the outlines of cryo-EM structures of pre-ribosomal particles, 

choosing the most appropriate structural scaffold, although some datasets, notably 

Cic1, span diverse structural intermediates (Figures 2A and 4, Figure S7); for an 

overview of the highlighted regions see Figure S6). The 22 RBFs with previously 

unknown localization as well as 2 candidate biogenesis factors are shown together in 

Figure 5A. 
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Figure 4: High-confidence crosslink networks for select RBFs mapped onto 
corresponding structures of pre-ribosomal particles.  
Shown are high-confidence crosslinks using our mi-filter for a select subset of RBFs 
from our AP-MS XL-MS dataset mapped onto corresponding previously published 
cryo-EM reconstructions. (A) Crosslinks of the Ytm1 pre-ribosomal particle mapped 
onto pdb 6ELZ. (B) Crosslinks of the Rix1 pre-ribosomal particle mapped onto pdb 
6YLH. (C) Crosslinks of the Nog2 pre-ribosomal particle mapped onto pdb structure 
3JCT. (D) Crosslinks of the Lsg1 pre-ribosomal particle mapped onto pdb 6RZZ. 
RBFs that were identified within a particle-specific crosslinking dataset (n=2) but are 
not present in the respective PDB structure (but are present in some other PDB 
structure) are indicated in red and labelled bold, while RBFs and factors with 
presently unknown position (Noc2, Fpr4, Dbp10, Grc3, Puf6, Ecm1 and Tma16) are 
labelled with a larger font size. For a description of the highlighted regions see Figure 
S6. Please note that proteins containing only intra- or monolinks are not shown. 
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Identification and localization of Tma16, Las1/Grc3, Ecm1 and Noc2 
While our database will undoubtedly aid future interpretation of cryo-EM maps of 60S 

structural intermediates, specific interactions identified in our interlinks can already 

be used to map certain RBFs to 60S structural intermediates. Of the nine candidate 

novel biogenesis factors identified in our quantitative analysis, only two, Tma16 and 

Stm1, are also represented in our inter-protein crosslink library. In total, 5 inter-

protein crosslinks between the N-terminal part of Tma16 and Rei1 and 5 interlinks 

between the C-terminal region of Tma16 and uL18 were identified (Supplementary 

Data 2) in pre-ribosomal particles purified with affinity tagged Arx1 (Figure S7H) and 

Lsg1 (Figure 4D). In our quantitative MS analysis, Tma16 exhibits an abundance 

pattern most similar to the Arx1/Alb1 complex (data not shown) across the Cic1, 

Rix1, Nop12, Nog2, Arx1 and Lsg1 pulldowns (Figure S4). Together, this data points 

to Tma16 as a novel pre-60S cytoplasmic RBF. uL18 and Rei1 are located quite 

distantly from each other on the surface of the pre-60S and engage opposite termini 

of Tma16, suggesting an extended conformation for this factor on the 60S surface. 

During ribosome biogenesis, ITS2 removal is initiated by Las1-mediated cleavage at 

the C2 site within ITS2, followed by phosphorylation of the resulting 5´-hydroxyl 

product on the 25S rRNA by the Grc3 polynucleotide kinase 199, 200, 201. The activities 

of Las1 and Grc3 are coupled within the tetrameric assembly 201. In our interlink 

dataset, we map an interaction between Grc3 and the structurally uncharacterized C-

terminal domain of Cic1 in pre-ribosomal particles purified with affinity-tagged Rix1 

(Figure 4B) and Nog2 (Figure 4C). A Pearson correlation analysis based on protein 

abundance in the different pre-ribosomal particles shows that the Las1-Grc3 complex 

correlates strongly with the Rix1/Rea1 complex (Figure S5), in line with the structural 

observation that pre-60S particles containing Rix1 and Rea1 can be reconstructed 

both with and without a foot structure 160. The correlated recruitment of the Rix1/Rea1 

complex and Las1/Grc3 hints at a possible coordination between Rix1 complex 

binding and ITS2 processing. 

Nuclear export of pre-60S particles is mediated by the export factors Arx1, Mex67-

Mtr2, Nmd3 and Ecm1. These factors have overlapping, non-redundant roles in pre-

60S export 78. While structural information is available for the other export factors, 

Ecm1, which binds to nucleoporins and shuttles between the nucleus and the 

cytoplasm, has not been observed in any cryo-EM reconstructions to date. Ecm1 is 

abundantly featured in our interlink dataset, with a total of 68 unique inter-protein 
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crosslinks between Ecm1, uL2 and eL43 found in the Nop12, Nog2, Arx1 and Lsg1 

datasets and 3 crosslinks to Nog2 exclusively observed in the Nog2 dataset 

(Supplementary Data 2) (Figure 4, 5 and S7). Mapping of these interacting residues 

onto late nuclear pre-60S particles implies that Ecm1 binds 60S after the removal of 

Rsa4 by Rea1, but before the release of the GTPase Nog2, because this is the only 

structural intermediate where Nog2 is accessible for crosslinking with Ecm1 (Figure 

5B 114. In our MS quantification analysis, Ecm1 correlates strongly with the Mex67 

and Mtr2 abundance pattern within late nucleoplasmic and cytoplasmic intermediates 

(Figure S5), implying a concerted engagement of pre-60S particles by these export 

factors. 

Noc2 is an unusual pre-60S RBF, forming two distinct complexes (Noc1/Noc2 and 

Noc3/Noc2) that act at different stages of maturation. Noc3 and Noc1 share a 

conserved Noc motif that likely mediates their interaction with Noc2 170. Accordingly, 

while the abundance of Noc1 and Noc3 is limited to very early and late nucleolar 

intermediates, respectively, Noc2 shows a bimodal distribution that matches the 

presence of Noc1 and Noc3, but not the intervening pre-60S intermediates (Figure 

1C and 1D). Independently, we detect 10 interlinks between Noc1 and Noc2, all from 

a particle pool purified with tagged Noc1 (Figure S7, Supplementary Data 2). The 

Noc3/Noc2 interaction is represented by 67 independent crosslinks, all mapping to 

late nucleolar samples. This pattern is consistent with two independent pre-60S 

engagements by Noc2, mediated by distinct dimerization partners. In late nucleolar 

samples, Noc2 is also associated with Brx1 (4 interlinks) and Nip7 (12 interlinks). 

Mapping these residues (or their closest modelled residue neighbours) onto the 

structure of late nucleolar 60S substrates shows that they triangulate around an area 

of unassigned density above Noc3 (Figure 5C). This density is consistent with the 

helical repeats predicted to occur within Noc2 170. Because all crosslinks involve 

residues within the last 110 residues of Noc2, we propose that the Noc2 helical 

repeats extend away from Noc3 in a C- to N-terminal direction. 
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Figure 5: Placement of structurally uncharacterized RBFs 
(A) Map of mi-filtered high-confidence crosslinks for candidate novel biogenesis 
factors and all RBFs whose localization within pre-ribosomal particles are currently 
not known from our complete AP-MS XL-MS dataset. New localizations for known 
RBFs are shown in red and for novel RBFs in yellow. DEAD-box ATPases 
additionally contain black stripes. (B) Placement of Ecm1 on nucleoplasmic pre-60S 
particles. Cartoon representation of pdb 6N8J with key proteins labeled. Residues 
with interlinks (or closest modeled residue if disordered) to Ecm1 are shown as red 
spheres and labeled. The only access to residue K52 of Nog is in the post-rotation 
state before Nmd3 binding. (C) Assignment of Noc2 to uncharacterized EM density in 
late nucleolar 60S particles. Cartoon representation of pdb 6ELZ with overlayed EM 
density (EMDB 3891), low pass filtered to 4 Å. Key proteins are labeled. Red spheres 
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mark the position of residues (or closest modeled residue if disordered) of Noc3, 
Brx1 or Nip7 that form interprotein crosslinks to Noc2. The features of the density are 
consistent with the prediction that Noc2 forms helical repeats and directly interacts 
with Noc3.  
 

The Ck2 complex engages early 60S biogenesis intermediates 
The heterotetrameric casein kinase 2 (Ck2) complex has a central role in cell growth 

and proliferation, acting as a serine/threonine kinase on a diverse set of protein 

targets 202. Ck2 is composed of two catalytic alpha subunits (Cka1 and Cka2) and 

two regulatory subunits (Ckb1 and Ckb2). Ck2 is a component of the CURI complex, 

along with the small subunit RBFs Rrp7, Utp22 and Ihf1, and has an established role 

in coordinating rRNA and r-protein transcription and is associated with pre-40S 

intermediates 203. More recently, Ck2 activity was found to be essential to trigger a 

switch in ITS1 processing during stress responses that results in the distribution of 

normal 60S biogenesis202. Our data suggests that Ck2 involvement in ribosome 

biogenesis extends to the large subunit as well. All 4 subunits of Ck2 show a similar 

protein abundance pattern in ‘early’ and ‘intermediate’ pre-ribosomal particles purified 

with affinity-tagged Ssf1, Nsa1, Nop16, Ytm1, Cic1 and Noc1 (Figure 6A). In addition, 

we find two high-confidence inter-protein crosslinks between Cka1 (CSK21) and Puf6 

in both Noc1 and Nop16 samples. To confirm the link between Ck2 and the large 

subunit, we carried out an additional, reciprocal pulldown using TAP-tagged Cka1 

(CSK21). In this pulldown, we identified an inter-protein crosslink between Cka1 and 

uL13 together with mono- and intralinks among various proteins of the pre-60S foot 

structure and within Ssf1/Rrp15/Rrp14, Brx1/Ebp2 and Mak16/Rpf1/Nsa1 which are 

all present in the early nucleolar pre-60S structures (Supplementary Data 2). 

Correlations from our quantitative MS data (Figure 6B) as well as interlinks and 

known physical interactions allow us to generate an extensive interaction map 

involving Ck2 (Figure 6C). This interactome identifies Ck2 as a bona-fide component 

of early pre-60S particles and offers a framework to understand its role in 60S 

maturation. A number of unmapped factors, such as Puf6/Loc1, Fpr3/4 and the 

DEAD-box ATPases Drs1, Mak5 and Dbp9 are connected to Ck2 and may be linked 

to its function during early nucleolar 60S maturation (Supplementary Data 2).  
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Figure 6: The casein kinase complex is a 60S biogenesis factor 
(A) Protein abundance subcluster for the Ck2 complex (consisting of Cka1, Cka2, 
Ckb1 and Ckb2) from our overall AP-MS data by hierarchical cluster analysis of the 
‘Intermediate’ proteins (Figure 1, blue cluster) using an L1 distance metric. Protein 
abundances are shown as Z-score normalized log2 transformed LFQ values ranging 
from ≤ -4.0 (white) to 0.0 (azure blue) to ≥ 2.5 (dark blue). (B) Heatmap of pairwise 
correlations within the Ck2 interactome. To be included, factors had to have a 
correlation of >0.85 with three out of the four subunits of the Ck2 complex, one of 
which had to be ≥ 0.9. (C) The Ck2 interactome during 60S biogenesis. Shown are 
interactions among proteins with correlations from Figure 6B (orange lines), high-
confidence interlinks (blue lines) and direct physical interactions (green lines). These 
interactions are thought to occur during the earliest stages of nucleolar 60S 
maturation. 
 

Localization of the DEAD-box ATPases Dbp9 and Dbp10 
Except for Dbp6 and Dbp7, all of the DEAD-box ATPases involved in 60S biogenesis 

and identified in our MS quantification are represented in our crosslinking dataset 

(Figure 5A). Dbp9, Drs1 and Mak5 are contained in the interactome around Ck2, 
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forming interlinks with uL6, Ytm1 and Puf6, respectively (Figure 6). Drs1 engages the 

Ytm1 β-propeller while it is still loosely tethered to the pre-60S core, making precise 

mapping of Drs1 impossible. Similarly, Mak5 is linked to Puf6, which has not been 

identified in any cryo-EM maps. Dbp9, on the other hand, forms a link between a loop 

insertion in its N-terminal RecA domain and uL6. Structures of nucleolar 

intermediates showed that uL6 binds the pre-60S core after domain VI docks onto 

the core (Figure 7A) 121, 122. The intermediate immediately preceding uL6 binding is 

characterized by the presence of Mak11, while uL6 is necessary for the binding of 

the Nog1 GTPase domain, Mrt4 and Nsa2. The timing of uL6 binding and the 

absence of Dbp9 in later nucleolar particles is indicative of a narrow time window for 

Dbp9 to perform its catalytic function: after uL6 binding, but before release of RBFs 

Ssf1, Rrp14 and Rrp15.  

Our interlink database also provides extensive positional information about the 

DEAD-box proteins that engage late nucleolar 60S intermediates, Dbp10 and Spb4. 

Our Spb4 crosslinks confirm the assignment of Spb4 to a distinct, bilobed feature in 

the late nucleolar cryo-EM maps next to eL19, eL30 and Ytm1 122, 160. Spb4 binding is 

preceded in our timeline by Dbp10. A total of 65 interlinks associate Dbp10 with the 

RBFs Nog1 (3 links), Nop2 (2 links), Nsa2 (47 links) and Noc3 (13 links). On Dbp10, 

the residues proximal to Nog1, Nop2 and Nsa2 are located in the C-terminal 

extension of Dbp10, suggesting that this segment binds pre-60S particles in the cleft 

between Nop2 and Nog1 (Figure 7B). The link to Noc3 is located within the N-

terminal RecA domain, placing the enzymatic core of the protein near the binding site 

of the N-terminal methyltransferase domain of Spb1 (Spb1-MT). CRAC experiments 

identified rRNA helices h89-h92 and h64 as Dbp10 interacting regions 189. In the 

structure of a late nucleolar 60S intermediate, these rRNA elements are engaged by 

the MT domain of Spb1 and are not accessible for Dbp10 binding 121. Taken 

together, this suggests that Dbp10 binds the 60S prior to Spb1-MT and Spb4 binding, 

in line with our quantitative MS data. In fact, by engaging helices h89-h92 and h64, 

Dbp10 blocks these rRNA elements from being available to bind the Spb1-MT 

domain. Further studies will be needed to define the mechanistic details of the 

sequential engagement of these RNA elements by Dbp10 and Spb1-MT. 
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Figure 7. Placement of DEAD-box ATPases Dbp9 and Dbp10. 
(A) Cartoon representation of early nucleolar pre-60S particles (left – 6C0F, right – 
6EM1), showing the final assembly of RBFs engaging rRNA domain VI. The 
transition is defined by the release of Mak11 and the binding of uL6, Nsa2 and Mrt4, 
as well as the N-terminal GTPase domain of Nog1. The N-terminal RecA domain of 
Dbp9 crosslinks to uL6, indicating that it engages 60S during the final assembly of 
this region of the 60S ribosome. (B) Dbp10 engages the pre-60S ribosome after the 
Noc3 binding, but before engagement of helix 92 by the methyltransferase domain of 
Spb1. LEFT – cartoon depiction of nucleolar pre-60S intermediate (pdb 6EM1) with 
key proteins labeled. Residues with specific crosslinks to Dbp10 are shown as red 
spheres, revealing that the majority of interacting residues are not yet ordered. 
RIGHT - Crosslinked residues are all present in the late nucleolar 60S structure (pdb 
6ELZ), but the likely interaction site with rRNA on helices h64 and h92 is occupied by 
the methyltransferase domain of Spb1, suggesting that Dbp10 engages the pre-60 
before Spb1 catalysis. 
 

3.3.7. Discussion 
	
Understanding the assembly process of large molecular complexes remains a 

challenging problem, especially the molecular characterization of transient and 

dynamic intermediates. The integration of both quantitative and structural proteomics 

data with atomic resolution models is a powerful approach to address these gaps. 

Applying this strategy to large ribosomal subunit biogenesis, we selected twelve 60S 
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RBFs encompassing the full maturation cycle as bait proteins to generate a 

comprehensive timeline for nearly all known RBFs, including 9 newly identified 

candidate RBFs. In order to correlate the information from our quantitative 

proteomics data with known structural intermediates, reliable information of PPIs 

based on inter-protein crosslinks is absolutely essential. Our simple and intuitive mi-

filter, which removes interlinks if the linked polypeptides are not additionally 

represented within their respective intralink or monolink pools, improves interlink 

FDRs more than a 100-fold and therefore significantly enhances our ability of each 

and any individual interlink to provide reliable positional information for the molecular 

description of transient intermediates. Our resulting high-confidence interlink dataset 

reliably recapitulated the positioning information for structurally characterized 60S 

RBFs and reveals novel positioning information about 22 known, but currently 

structurally uncharacterized 60S assembly factors. In addition, two of our 9 candidate 

novel RBFs, Tma16 and Stm1, are also represented in our interlink dataset, further 

suggesting a role for these factors in cytoplasmic 60S maturation.  

Combining our quantitative and positional MS data with available cryo-EM structures 

of pre-60 ribosomal intermediates allowed us to precisely map interaction areas for 

the RBFs Noc2, Las1/Grc3 and Ecm1 during key steps of 60S maturation: Interlinks 

to Noc2 associate it unambiguously with a series of helical repeats above Noc3 in 

late nucleolar structures. Our analysis shows that the ITS2 processing complex 

Las1/Grc3 is recruited to early nucleoplasmic 60S particles at the same time as the 

Rix1/Rea1 complex, suggesting a coordination between ITS2 removal, 5S rRNA 

rotation and Rsa4 removal. Ecm1, one of several 60S export factors, is closely linked 

with the presence of the major export receptor, Mex67/Mtr2, suggesting that the 

assembly of an export-competent 60S particle occurs in a concerted manner.  

Our data on the heterotetrameric Ck2 casein kinase complex reveals an extensive 

interaction network between this regulatory complex and a cluster of nucleolar RBFs, 

extending the role of Ck2 to 60S maturation and providing a framework to understand 

the function of this multifunctional kinase in ribosome biogenesis. Ck2 is an essential 

component of TOR-mediated stress-responses that leads to an alternate processing 

of ITS1 and stalling of 60S biogenesis. To date, the precise signalling mechanism 

between TOR and Ck2 has not been elucidated, but systematic studies of Ck2 

substrates in mammalian cells identify the human homologs of two of our proposed 

60S Ck2 interaction partners, Nop2 and Rrp1, as potential Ck2 phosphorylation 
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targets 204. Importantly, our data, including the purification of bona fide 60S 

intermediates with affinity-tagged Cka1, suggests that it is not just the catalytic 

activity of Ck2 that is essential for its role in maintaining biogenesis, but that Ck2 is 

physically associated with a subset of nucleolar ribosome intermediates during early 

60S maturation.  

To date, the most elusive RBFs in 60S biogenesis have been the six essential 

DEAD-box ATPases whose catalytic activity is essential for nucleolar 60S 

maturation. We identify all of these enzymes in our quantitative dataset and all but 

Dbp6 in our crosslinking analysis, defining a timeline of 60S engagement for these 

proteins: Dbp6 → Mak5 → Dbp9 → Drs1 → Dbp10 → Spb4. Dbp6, which acts within 

a complex composed of the factors Urb1, Urb2, Rsa3 and Nop8, engages the 

emerging 60S particle just as ITS1 is being processed and the 35S separated into 

the 20S and 27S fragments. Mak5, Dbp9 and Drs1 are part of our Ck2 interaction 

cluster and may play a role in organizing the docking of rRNA domain VI to the 60S 

core. Because of its direct interaction with uL6 and the fact that the timing of uL6 

incorporation into the pre-60S is known from cryo-EM structures of 60S 

intermediates, we propose a distinctively timed function for Dbp9 in promoting rRNA 

rearrangements to guide the assembly of the Nog1/Nsa2/Mrt4 region of nucleolar 

pre-60S intermediates. Similarly, an extensive network of interlinks defines the 

placement of Dbp10, and establishes that the binding of Dbp10 and that of the 

methyltransferase domain of Spb1 must occur sequentially. Both Dbp10 and Spb4 

are associated with rRNA domain IV, the last segment of the rRNA to dock against 

the pre-60S core, and may remodel this rRNA region to chaperone its folding and 

ordered assembly. 

In summary, in this work we successfully applied quantitative proteomics and XL-MS 

together with large scale biochemical enrichment of pre-ribosomal particles as a 

stand-alone technique to characterize transient and dynamic interactions across the 

full landscape of 60S pre-ribosomal particles. Integration of our MS data with 

available cryo-EM structures allowed us to comprehensively map RBFs involved in 

60S ribosome biogenesis, providing important new insights into the timeline of Ck2 

involvement and DEAD-box ATPase function in 60S biogenesis. Our high-confidence 

large-scale crosslinking interaction map and detailed timeline represents an essential 

resource for future structural and functional studies of 60S ribosome biogenesis. 
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3.3.8. STAR methods 
 

Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Chemicals, Peptides, and Recombinant Proteins 
DSS-H12/D12 (DiSuccinimidylSuberate) Creative Molecules 

Inc. 
Cat# 001S 

N,N-Dimethylformamide (DMF) Sigma Cat# D4551 

Ammonium bicarbonate Sigma Cat# 09830 

Urea Sigma Cat# U5378 

Trypsin (Sequencing Grade Modified, Frozen) Promega Cat# V5113 
DTT (1,4-Dithiothreitol) Carl Roth Cat# 6908.4 
TCEP (Tris(2-carboxyethyl)phosphine hydrochloride) Sigma Cat# C4706-2G 

(CAS 51805-45-9) 
Iodoacetamide Sigma Cat# I1149-5G  

(CAS 144-48-9) 
Sep-Pak (C18) Waters Cat# WAT054960 

Deposited Data 
The MS raw files, MaxQuant search parameters as 

well as the ‘combined’ results folder of MaxQuant, the 

crosslink database and original xQuest result files and 

final mi-filtered crosslink data have all been deposited 

to the ProteomeXchange Consortium via the PRIDE 

partner repository.  

PRIDE 

(Username: 

reviewer_pxd021831

@ebi.ac.uk; Password: 

QAs78UBZ). 

 

Project accession 

number 

PXD021831 

Experimental Models: Organisms/Strains 
TAP-tagged Mak21/ Noc1 (YDR060W) S. cerevisiae 

BY4741 Strain 

Dharmacon / Horizon 

Discovery 

YSC1178-

202230367 

TAP-tagged Rsa3 (YLR221C) S. cerevisiae BY4741 

Strain 

Dharmacon / Horizon 

Discovery 

YSC1178-

202232410 

TAP-tagged Ssf1 (YHR066W) S. cerevisiae BY4741 

Strain 

Dharmacon / Horizon 

Discovery 

YSC1178-

202231472 

TAP-tagged Nop16 (YER002W) S. cerevisiae BY4741 

Strain 

Dharmacon / Horizon 

Discovery 

YSC1178-

202230774 

TAP-tagged Ytm1 (YOR272W) S. cerevisiae BY4741 

Strain 

205  

TAP-tagged Nsa1 (YGL111W) S. cerevisiae BY4741 

Strain 

Dharmacon / Horizon 

Discovery 

YSC1178-

202231086 

TAP-tagged Cic1/ Nsa3 (YHR052W) S. cerevisiae 

BY4741 Strain 

Dharmacon / Horizon 

Discovery 

YSC1178-

202231461 
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TAP-tagged Rix1 (YHR197W) S. cerevisiae BY4741 

Strain 

205  

TAP-tagged Nop12 (YOL041C) S. cerevisiae BY4741 

Strain 

Dharmacon / Horizon 

Discovery 

YSC1178-

202233257 

TAP-tagged Nog2 (YNR053C) S. cerevisiae BY4741 

Strain 

205  

TAP-tagged Arx1 (YDR101C) S. cerevisiae BY4741 

Strain 

Elke Deuerling Lab  

TAP-tagged Lsg1 (YGL099W) S. cerevisiae BY4741 

Strain 

Elke Deuerling Lab  

TAP-tagged Cka1 (YIL035C) S. cerevisiae BY4741 

Strain 

Dharmacon / Horizon 

Discovery 

YSC1178-

202231607 

Wild type S. cerevisiae BY4741 Strain (negative 

control for affinity purification) 

Elke Deuerling Lab  

Software and Algorithms 
MaxQuant 1.6.5.0. 165, 166 	
Perseus 1.6.5.0. 167 	
xQuest 2.1.3 206 http://proteomics.et

hz.ch/cgi-

bin/xquest2_cgi/do

wnload.cgi 
xProphet 2.1.3 206 http://proteomics.et

hz.ch/cgi-

bin/xquest2_cgi/do

wnload.cgi 
xiNET 65 http://crosslinkview

er.org/ 
Other 
SuperdexTM Peptide 3.2/30 (SEC column for 

enrichment of crosslinked peptides) 
GE Healthcare Cat# 29-0362-31 

Acclaim PepMapTM  RSLC (LC-MS/MS analysis) Thermo Fisher 

Scientific 

Cat# P/N 164943 

EASY-nLC 1200 system Thermo Fisher 

Scientific 
LC140 

Orbitrap FusionTM TribridTM Mass Spectrometer Thermo Fisher 

Scientific 
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Affinity purification and chemical crosslinking of ribosome assembly 
intermediates 
Ribosome assembly intermediates were purified from S. cerevisiae BY4741 cells by 

tandem affinity purification (TAP). 12 different S. cerevisiae BY4741 strains with the 

TAP-tagged bait proteins Noc1, Rsa3, Ssf1, Nop16, Ytm1, Nsa1, Cic1, Rix1, Nop12, 

Nog2, Arx1 and Lsg1 were used for the affinity purification of ribosome assembly 

intermediates, each performed in biological triplicates (i.e. pulldowns from 

independently grown yeast cultures). A wild type S. cerevisiae BY4741 strain without 

any TAP-tagged protein served as control for unspecific binding. In addition, a 

reciprocal affinity purification with TAP-tagged Cka1 was performed. 

For each affinity purification, 12 L YPD medium (2 % (w/v) peptone, 1% (w/v) yeast 

extract, 2 % (w/v) glucose, 0.002 % (w/v) adenine) were inoculated from 300 ml over-

night culture with an OD600 of 0.1 and grown at 30 °C and 130 rpm to OD600 = 0.8 

– 1.0. Cells were harvested by centrifugation at 4300 x g and 4 °C for 12 min. Cell 

pellets were resuspended in 80 ml cold lysis buffer (LB-P, 50 mM HEPES pH 7.4, 

100 mM KCl, 1.5 mM MgCl2, 0.1 % (v/v) NP-40, 5 % (v/v) glycerol, pefabloc 1:100, 

aprotinin/leupeptin 1:1000) and centrifuged at 4000 x g and 4 °C for 5 min. Washed 

cell pellets were resuspended in 20 ml LB-P and dripped into liquid nitrogen. Frozen 

droplets of cell suspension were stored at -80 °C until milling in a pre-cooled Retsch® 

ball mill MM400 at 30 Hz for 2x 60 s. 150 ml ice cold LB-P was added to the frozen 

cell powder which was thawed on a rolling mixer at 4 °C. Cell debris was separated 

from the lysate by centrifugation at 30000 x g and 4 °C for 20 min. The lysate was 

incubated with 1.2 ml equilibrated IgG sepharose beads (GE Healthcare) at 4 °C for 

3 h. IgG beads were washed 3x with LB-P and 1x with LB-DTT (50 mM HEPES pH 

7.4, 100 mM KCl, 1.5 mM MgCl2, 0.1 % (v/v) NP-40, 5 % (v/v) glycerol, 1 mM DTT). 

IgG beads were loaded onto a 5 mL Polyprep® column using 3x 10 mL LB-DTT. The 

column was closed and IgG beads were incubated in 4.5 mL LB-DTT with 175 µl 

TEV protease (produced in-house, 1.5 µg/µL in 10 % glycerol) at 4 °C over-night on a 

rolling incubator. IgG eluate was incubated with 1 mL equilibrated calmodulin affinity 

resin (Agilent) in 15 mL LB-CaCl2 (50 mM HEPES pH 7.4, 100 mM KCl, 1.5 mM 

MgCl2, 0.02 % (v/v) NP-40, 5 % (v/v) glycerol, 2 mM CaCl2) at a final CaCl2 

concentration of 2 mM on a rolling mixer at 4 °C for 3 h. Calmodulin beads were 

loaded onto a 5 mL Polyprep® column using 2x 20 mL LB-CaCl2 and washed with 1x 

10 mL LB-CaCl2. The column was closed and calmodulin beads were incubated with 
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550 µL LB-EGTA (50 mM HEPES pH 7.4, 100 mM KCl, 1.5 mM MgCl2, 0.01 % (v/v) 

NP-40, 5 % (v/v) glycerol, 5 mM EGTA) for 20 min at 4 °C on a rolling incubator. The 

eluate was collected and the elution was repeated 3x with 450 µL LB-EGTA. Eluates 

1 – 4 were concentrated using an Amicon® Ultra 10 K 0.5 mL filter (Merck Millipore) 

and the buffer was exchanged to a final volume of ca. 100 µl crosslinking buffer (20 

mM HEPES pH 8.3, 5 mM MgCl2). 

Chemical crosslinking and subsequent analysis were carried out essentially as 

described previously 206. In short, the isotopically labeled crosslinking reagent 

disuccinimidyl suberate d0/d12 (DSS-H12/D12, Creativemolecules Inc.) was 

dissolved in N,N-Dimethylformamide (DMF, Sigma) and purified ribosome assembly 

intermediates were incubated with DSS-H12/D12 at a final concentration of 1.5 mM 

for 30 min at 30 °C while shaking at 650 rpm in a Thermomixer (Eppendorf). The 

reaction was subsequently quenched with ammonium bicarbonate at a final 

concentration of 50 mM for 10 min at 30 °C and 650 rpm. Crosslinked samples were 

stored at -20 °C over- night. 

 

Fractionation and enrichment of crosslinked peptides by size exclusion 
chromatography 
Crosslinked samples were dried (Eppendorf, Concentrator plus), resuspended in 

100 µl 8M Urea, reduced, alkylated, and digested with trypsin (Promega). Digested 

peptides were separated from the solution and retained by a solid phase extraction 

system (SepPak, Waters). Crosslinked peptides were enriched by size exclusion 

chromatography using an ÄKTAmicro chromatography system (GE Healthcare) 

equipped with a SuperdexTM Peptide 3.2/30 column (column volume = 2.4 ml). 

Fractions were collected in 100 µl units and analyzed by LC-MS/MS. For each 

crosslinked sample three fractions were measured in technical duplicates. The 

elution fractions 1.0-1.1, 1.1-1.2 and 1.2-1.3 ml containing the largest peptides were 

pooled and the two elution fractions 1.3-1.4 ml and 1.4-1.5 ml were also analyzed by 

LC-MS/MS. Absorption levels at 215 nm of each fraction were used to normalize 

peptide amounts prior to LC-MS/MS analysis. 

 

LC-MS/MS analysis  
LC-MS/MS analysis was carried out on an Orbitrap Fusion Tribrid mass spectrometer 

(Thermo Electron, San Jose, CA). Peptides were separated on an EASY-nLC 1200 
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system (Thermo Scientific) at a flow rate of 300 nl/min over an 80 min gradient (5 % 

acetonitrile in 0.1 % formic acid for 4 min, 5 % - 35 % acetonitrile in 0.1% formic acid 

in 75 min, 35 % - 80 % acetonitrile in 1 min). Full scan mass spectra were acquired in 

the Orbitrap at a resolution of 120,000, a scan range of 400 - 1500 m/z, and a 

maximum injection time of 50 ms. Most intense precursor ions (intensity ≥ 5.0e3) with 

charge states 3 - 8 and monoisotopic peak determination set to ‘peptide’ were 

selected for MS/MS fragmentation by CID at 35 % collision energy in a data 

dependent mode. The duration for dynamic exclusion was set to 60 s. MS/MS 

spectra were analyzed in the Iontrap at a rapid scan rate.  

 

Label free quantification and statistical analysis of non-crosslinked peptides 
Proteins were identified based on their non-crosslinked peptides and quantified in a 

label-free approach by MaxQuant (version 1.6.5.0.) using standard settings and the 

match between runs option 165. Detailed search parameters were deposited together 

with the raw files at PRIDE. As fasta database the Saccharomyces cerevisiae (strain 

ATCC 204508 / S288c) proteome with the proteome ID UP000002311 was 

downloaded from uniProt on 04.03.2019. 

For the downstream analysis of the non-crosslinked proteomic data the Perseus 

platform (version 1.6.5.0.) was used 167. In short, MaxQuant results were filtered for 

hits in the reverse database, for proteins which have been only identified by site and 

for potential contaminants. After log2(x) transformation of the LFQ values, proteins 

were considered to be reproducibly identified, if an LFQ value could be determined in 

all 3 biological replicates in at least one of the technical replicates of at least one 

purified pre-ribosomal particle. Missing LFQ values were imputed for the total matrix 

from a normal distribution (width = 0.3 and down shift = 1.8). In order to test for the 

variance of the determined LFQ values in the 3 biological replicates of each pre-

ribosomal particle, an ANOVA significance test with the parameter s0 = 0 in 

combination with a permutation-based FDR estimation (FDR = 0.05) was applied. For 

the permutation-based FDR estimation, technical replicates were indicated and 

randomized together. Data was normalized by Z-scoring (rows). As a negative 

control for non-specific binding during the purification of pre-ribosomal particles, a 

wild type yeast strain containing no TAP-tagged protein was used. If a protein was 

reproducibly identified with an LFQ value in all 3 biological replicates in at least one 
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of the technical replicates of the negative control, this protein was not considered for 

further analysis. 

The remaining 272 proteins were used to hierarchically cluster the different biological 

and technical replicates of purified pre-ribosomal particles (columns) based on their 

similarity in protein abundance by an L1 distance metric (Figure S1). From the 

clustering of the pre-ribosomal particles the following timeline for ribosome 

biogenesis was deduced: Noc1-Rsa3-Ssf1-Nop16-Ytm1-Nsa1-Cic1-Rix1-Nop12-

Nog2-Arx1-Lsg1. 

In addition, a hierarchical cluster analysis of the 272 proteins (rows) by an L1 metric 

assisted a rough grouping of these proteins based on their abundance in different 

pre-ribosomal particles into ‘early’ (red), ’early-intermediate’ (orange), ’intermediate’ 

(blue), intermediate-late’ (yellow) and ’late’ (green) protein clusters (Figure 1B, 1C, 

1D, 2A & 6A, Supplemental Figures 2 – 4, Supplementary Data 1). 

For some specific subsets of the total of 272 quantified proteins (e.g. the DEAD-box 

ATPases and the 4 subunits of Ck2) an additional correlation analysis was carried 

out, where proteins that showed a similar abundance pattern over the different pre-

60S particles were identified. For this purpose, Z-score normalized log2 transformed 

LFQ values were averaged over the 6 replicate measurements for each of the 12 

TAP-tagged bait proteins and a standard correlation coefficient (pearson) was 

calculated for any two pairs of the 272 proteins. Here, proteins with a correlation 

coefficient ≥ 0.95 to any of the DEAD-box ATPases were considered to correlate 

(Figure 2C) and proteins with a correlation coefficient >0.85 to three out of the four 

subunits of the casein kinase Ck2 complex, one of which had to be ≥ 0.9, were 

considered to correlate (Figure 6B). 

 

Identification of crosslinked peptides  
For the crosslink search, a database containing a total of 384 proteins was compiled 

including all 117 known r-proteins (including both alleles for homologous r-proteins 

which do not share 100 % sequence identity), all 81 assembly factors which are 

present in structures of pre-ribosomal particles as well as all 83 known assembly 

factors which have not been positioned yet 157. Additionally, the 82 proteins identified 

in this study as candidate novel RBFs were added to the database for the crosslink 

search. In the control pulldowns, which were performed from a wild type S. cerevisiae 

BY4741 strain without a TAP-tagged bait protein, 24 proteins were identified. 7 of 
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these 24 proteins were r-proteins or known assembly factors and the remaining 17 

proteins were added to the database for the crosslink search. Crosslinks to these 24 

proteins were subtracted later during the analysis. In 4 select cases, where proteins 

count not be unambiguously identified because parts of the sequence could be 

matched to multiple proteins, additional sequences in order to allow unambiguous 

assignment were added to the database. In total, the database for the crosslink 

search comprised 384 proteins. MS raw files were converted to centroid files and 

searched using xQuest in ion-tag mode. Crosslinks were exported as .tsv files with 

the filter settings deltaS = 95 and a max. ppm range from -5 to 5, containing all (non-

unique) identifications. 

 

Mono- and intralink filter (mi-filter) for improved false-discovery rates in 
medium to large scale AP-XL-MS data 
Subsequent filtering and analysis of xQuest results was done with python / pandas 

and jupyter notebook. The FDR was calculated as number of decoys / (number of 

decoys + number of hits). Please note that crosslinked peptides containing at least 1 

decoy_peptide were considered as decoys. Three different filter settings were 

compared in this study. A “standard” filter setting relying on one identified high-

confidence crosslink per unique crosslinking site (uxID) (ld-Score ≥ 25, uxID n=1), a 

more stringent filter setting relying on two independently identified high-confidence 

crosslinks per uxID (over all AP-MS datasets) (ld-Score ≥ 25, uxID n=2) and the 

“final” setting, which was also the final setting used for our analysis, which 

additionally uses a mono- and intralink filter (mi-filter) which requires that for each 

protein involved in an inter-protein crosslink also at least one mono- or intralink had 

to be detected in one of the three biological replicates (ld-Score >/= 25, uxID n=2 , 

mi-filter). After filtering, non-specific crosslinks and non-specific proteins identified in 

the negative control pulldown (without a bait protein) were subtracted from the 

datasets. Here, 24 unspecific binders were identified based on non-crosslinked 

peptides and 7 via crosslinks and therefore subtracted from the datasets along with 

14 inter-protein crosslinks (identified in the negative control with ld-Score >/= 25, 

uxID n=1).  

The final dataset, after filtering and subtraction of unspecific crosslinks / proteins 

identified in the negative control, contained 43205 monolinks (FDR = 0.00138) 

consisting of 1362 unique monolink sites (FDR = 0.00365), 15802 intra-protein 
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crosslinks (FDR = 0.00327) consisting of 947 unique intra-link sites (FDR=0.002107) 

and 2844 inter-protein crosslinks (FDR = 0.00385) consisting of 290 unique 

crosslinking sites (FDR = 0.0136) and 145 proteins. 

 

Filtering of crosslinked peptides for reciprocal pulldown on Cka1 
The xQuest results from 1 biological replicate were exported from the results viewer 

as .tsv files containing all (non-unique) identifications with the filter settings deltaS = 

0.95 and a max. ppm range from -5 to 5. Subsequent filtering and analysis were 

done with python / pandas and jupyter notebook. Only inter-protein crosslinks 

between proteins, which were identified with at least 1 mono-, intra-peptide- or intra-

protein- link with an ld-Score >/= 25, were considered for further analysis. 

 

Mapping of filtered crosslinks 
Crosslink networks were visualized with xiNet 65 and mapped manually onto cryo-EM 

structures of pre-ribosomal particles. For a better overview, several binding regions 

of RBFs on the cryo-EM structures were highlighted (see Figure S6). The crosslink 

networks of the ‘intermediate’ 60S pre-ribosomal particles Nop16, Ytm1 and Cic1 

were laid onto the pdb structure 6ELZ, which was purified as state E sequentially by 

Rix1-TAP and Rpf2-Flag and contains the Ytm1 E80A mutant for impaired removing 

of the Erb1-Ytm1 complex by Rea1 121. Crosslink networks of Ssf1 and Nsa1 pre-60S 

particles were laid onto the earlier state C (pdb 6EM1). The crosslink networks of the 

‘intermediate to late’ 60S pre-ribosomal particles Nop12, Nog2 and Arx1 were laid 

onto the pdb structure 3JCT, which was purified by Nog2 161 and the Rix1 crosslink 

network was laid onto the pdb structure 6YLH purified by Rix1 and Rea1 160. The 

crosslink network of Lsg1 was laid onto the pdb structure 6RZZ, which was purified 

by Lsg1 159. All crosslink networks (excluding proteins containing only mono- or 

intralinks) can be seen in Figures 4 and S7. 

 

Data and Software Availability 
The MS raw files, MaxQuant search parameters as well as the ‘combined’ results 

folder of MaxQuant, the crosslink database and original xQuest result files and final 

mi-filtered crosslink data have all been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository 207 with the project accession number 

PXD021831 (Username: reviewer_pxd021831@ebi.ac.uk; Password: QAs78UBZ ). 
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3.3.10. Supplementary information 
	
The following section contains figure supplements for figure 1 and figure 4 as well as 

a list of all supplementary files. Data referring to the supplementary files are 

accessible at the PRIDE repository with the project accession number PXD021831 

(Username: reviewer_pxd021831@ebi.ac.uk; Password: QAs78UBZ ). 

 

Supplementary Data 1 containing: 
Data related to Figure 1B: Z-score normalized log2 transformed LFQ values of all 

272 proteins which were reliably identified and quantified in the different 60S pre-

ribosomal particles 

Data related to Figure 1C: Z-score normalized log2 transformed LFQ values of 

biogenesis factors in 60S structures 

Data related to Figure 1D: Z-score normalized log2 transformed LFQ values of 

known biogenesis factors not in structures 

Data related to Figure S2: Log2 transformed LFQ values of LSU and SSU r-proteins 

Data related to Figure S3: Z-score normalized log2 transformed LFQ values of 

biogenesis factors in 90S, 40S and 60S structures 

Data related to Figure S4: Z-score normalized log2 transformed LFQ values of 

potential novel biogenesis factors 

 

Supplementary Data 2 containing: 
Data related to Figure 3: Mi-filtered high-confidence crosslink dataset from 60S 

ribosome biogenesis intermediates 

Data related to Figure 5A: Number of interlinks used for placement of DEAD-box 

ATPases and structurally uncharacterized RBFs 

Data related to Figure 5A: Mi-filtered high-confidence crosslinks for placement of 

DEAD-box ATPases and structurally uncharacterized RBFs 

Data related to Figure 6C: Mi-filtered high-confidence crosslink dataset from 

reciprocal pulldown on Cka1 (CSK21) 
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Supplemental Figures 1 - 7: 
 

 
 
Supplemental Figure 1: Hierarchical cluster analysis of pre-ribosomal particles. 
The analysis of the similarity in protein abundance is based on the non-crosslinked 
peptides of 272 proteins which were reliably identified and quantified in the pre-
ribosomal particles. From this hierarchical cluster analysis an overall timeline for 
ribosome biogenesis was derived in the following way: The biological replicates of 
each particle (I, II and III), which were measured as technical duplicates, form 
subclusters because they are more similar to each other than to other particles, 
which were purified by a different TAP-tagged ribosome biogenesis factor. In line with 
that, most technical replicates of one biological replicate also form subclusters. Since 
the Nop16 particle is very similar to the Ytm1 particle regarding their protein 
abundance, Nop16 and Ytm1 form a subcluster. Following the cluster analysis, the 
Nsa1 particle is marginally more similar to Ytm1 than to Nop16, while Ssf1 is slightly 
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more similar to the Ytm1-Nop16-subcluster than to Nsa1. The Rix1-Nsa3 subcluster 
is more similar to the Ytm1-Nop16-Nsa1 subcluster than to Ssf1, whereas Nsa3 is 
more similar to the Ssf1-Nop16-Ytm1-Nsa1 subcluster than Rix1. The next subcluster 
is formed by Nop12, followed by the Rsa3-Noc1 subcluster, which is more similar to 
the large Ssf1-Nop16-Ymt1-Nsa1-Nsa3-Rix1 subcluster than to the Nop12 
subcluster. The cluster containing the late assembly factors (Lsg1-Arx1-Nog2) is 
more similar to the large Ssf1-Nop16-Ymt1-Nsa1-Nsa3-Rix1-Nop12 subcluster than 
to Rsa3 and Noc1. This results in the following overall timeline for 60S ribosome 
biogenesis: Noc1-Rsa3-Ssf1-Nop16-Ytm1-Nsa1-Nsa3-Rix1-Nop12-Nog2-Arx1-Lsg1, 
which was used to arrange the pre-ribosomal particles in all heatmap figures.  
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Supplemental Figure 2: Heatmap of r-proteins.  
Protein abundances are shown as log2 transformed LFQ values (before Z-score 
normalization) ranging from ≤ 16 (white) over 22 (azure blue) to ≥ 28 (dark blue). The 
12 particles at the top were sorted after the timeline derived from the hierarchical 
cluster analysis from early to late: Noc1-Rsa3-Ssf1-Nop16-Ytm1-Nsa1-Nsa3-Rix1-
Nop12-Nog2-Arx1-Lsg1 (see Figure S1). Clustering of the r-proteins is consistent 
with Figure 1 (green = ’Late’, yellow = ’Intermediate to Late’, blue = ’Intermediate’, 
orange = ’Early to Intermediate’, dark red = ’Early’, dark blue = Rsa3, heather violet = 
Ssf1, dark green = Nop12, telemagenta = Ytm1). Proteins of the 60S ribosomal 
subunit (LSU) are shown on the upper panel. Proteins of the 40S ribosomal subunit 
(SSU) are shown on the lower panel. Although most LSU proteins are already 
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present in the early Noc1 and Rsa3 particles, the LSU proteins either fall into the 
’Late’ cluster (green) or into the ’Intermediate to Late’ cluster (yellow). All observed 
LSU proteins accumulate during ribosome biogenesis and are more abundant in the 
later particles. However, most SSU proteins fall into the earlier cluster ’Intermediate’ 
(blue) and are not present in the Lsg1 particle anymore. In total, SSU proteins were 
less abundant than LSU proteins. 
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Supplemental Figure 3: Heatmap of RBFs contained in structures of 90S, 40S 
or 60S pre-ribosomal particles.  
Protein abundances are shown as Z-score normalized log2 transformed LFQ values 
ranging from ≤ -4.0 (white) to 0.0 (azure blue) to ≥ 2.5 (dark blue). The 12 particles at 
the top were sorted after the timeline derived from the hierarchical cluster analysis 
from early to late: Noc1-Rsa3-Ssf1-Nop16-Ytm1-Nsa1-Nsa3-Rix1-Nop12-Nog2-Arx1-
Lsg1 (see Figure S1). Clustering of the subset RBFs which are contained in 
structures of 90S, 40S or 60S pre-ribosomal particles (77/81) is consistent with 
Figure 1 (green = ’Late’, yellow = ’Intermediate to Late’, blue = ’Intermediate’, orange 
= ’Early to Intermediate’, dark red = ’Early’). This figure is a subset of Figure 1. 
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Supplemental Figure 4: Heatmap of candidate novel biogenesis factors.  
Protein abundances are shown as Z-score normalized log2 transformed LFQ values 
ranging from ≤ -4.0 (white) to 0.0 (azure blue) to ≥ 2.5 (dark blue). The 12 particles at 
the top were sorted after the timeline derived from the hierarchical cluster analysis 
from early to late: Noc1-Rsa3-Ssf1-Nop16-Ytm1-Nsa1-Nsa3-Rix1-Nop12-Nog2-Arx1-
Lsg1 (see Figure S1). Clustering of the 82 candidate novel biogenesis factors is 
consistent with Figure 1 (green = ’Late’, yellow = ’Intermediate to Late’, blue = 
’Intermediate’, orange = ’Early to Intermediate’, dark red = ’Early’, dark blue = Rsa3, 
heather violet = Ssf1, dark green = Nop12, telemagenta = Ytm1). This figure is a 
subset of Figure 1. 
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Supplemental Figure 5: Assignment of unmapped factors to distinct 60S 
intermediates.  
(A) Heatmap of pairwise Pearson correlations. Proteins correlating with at least one 
of the proteins highlighted in red with a correlation factor ≥ 0.95 are indicated in 
brackets. Depicted are only correlation factors ≥ 0.85. Ecm1 correlates in abundance 
with Mex67 and Mtr2. The Las1/Grc3 complex correlates with Rix1 and Ipi1. Bmt2 
and Rcm1 correlate with each other. Gar1, Nhp2 and Cvf5 correlate with Nop1, 
Nop58 and Nop56. For details see STAR Methods. (B) Heatmap of abundance 
patterns of proteins in panel (A). Protein abundances are shown as Z-score 
normalized log2 transformed LFQ values ranging from ≤ -3.0 (white) to -0.5 (azure 
blue) to ≥ 2.0 (dark blue). Colour pattern of the clusters and order of particles (top) 
are the same as in Figure 1. 
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Supplemental Figure 6: Outlines of cryo-EM structures with highlighted 
regions.  
The ‘foot’ region is highlighted in light blue and indicates the binding sites of the 
proteins Rlp7, Nop7 alias Pesc, Cic1 alias Nsa3, Nop15 as well as Has1, Nop16, 
Erb1 and Ytm1 in earlier states and Nop53 in later states. The region where Brx1, 
Ebp2 and later Noc3 bind is highlighted in yellow. This region is later occupied by 
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Rix1, Ipi1, Ipi3, Sda1 and Rea1, highlighted in dusky pink. The dark blue region close 
to the 5S rRNA binding site indicates locations of Nip7, Nop2 and later Rsa4 (alias 
Nle1), Rpf2 and Rrs1. The ‘back’ region is highlighted in light green and indicates the 
binding sites of Mrt4, Nog1, Nsa2, Nug1, Cgr1 and later of Spb1 (in orange in Figure 
6B) which is then replaced by Nog2 (in green in Figure 6D). Tif6, Rlp24 and later 
YBL028C and Yvh1 bind at the area, which is coloured in leaf green. The region 
coloured in ochre yellow indicates binding sites of Nsa1, Rpf1 and Mak16. A similar 
region, which is coloured in signal violet is later occupied by Arx1, Alb1 and Rei1. 
The region coloured in signal white indicates Nmd3 and Lsg1 binding sites. (A) PDB 
structure 6EM1 purified by Nsa1-Ytm1. (B) PDB structure 6ELZ purified by Rix1-Rpf2 
with the Ytm1 E80A mutant, which is impaired in its interaction with the AAA-ATPase 
Rea1. (C) PDB structure 6YLH purified by Rix1-Rea1. (D) PDB structure 3JCT 
purified by Nog2. (E) PDB structure 6RZZ purified by Lsg1. CP = central 
protuberance. SB = P0 stalk base. 
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Supplemental Figure 7: Mi-filtered particle-specific crosslink networks mapped 
onto corresponding previously published cryo-EM reconstructions of pre-
ribosomal particles. 
(A) Crosslinks of the Noc1 pre-ribosomal particle mapped on pdb 6EM1. (B) 
Crosslinks of the Rsa3 pre-ribosomal particle mapped on pdb 6EM1. (C) Crosslinks 
of the Ssf1 pre-ribosomal particle mapped on pdb 6EM1. (D) Crosslinks of the Nsa1 
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pre-ribosomal particle mapped on pdb 6EM1. E) Crosslinks of the Nop16 pre-
ribosomal particle mapped on pdb 6ELZ. (F) Crosslinks of the Cic1 (alias Nsa3) pre-
ribosomal particle mapped on pdb 6ELZ. (G) Crosslinks of the Nop12 pre-ribosomal 
particle mapped on pdb 3JCT. (H) Crosslinks of the Arx1 pre-ribosomal particle 
mapped on pdb 3JCT.  
RBFs that are part of a particle-specific crosslinking dataset (n=2) but are not present 
in the respective PDB structure (even though they are present in some other PDB 
structure) are indicated in red and labelled bold, while RBFs and factors with 
presently unknown position (for example Noc1, Noc2, Nop1, Nop8, Puf6, Fpr4, 
Dbp10, Ecm1 and Tma16) are labelled with a larger font size. For a description of the 
highlighted regions see Figure S6. Please note that proteins containing only intra- or 
monolinks are not shown. 
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4. Discussion 
 

In this cumulative thesis I have probed and surpassed various boundaries of the 

structural proteomics technique ‘crosslinking coupled to mass spectrometry’ and 

thereby gained insights on two important cellular processes involving protein 

complexes. 

Interactions of proteins in dynamic protein assemblies or as stably formed protein 

complexes are at the centre of virtually all cellular processes. Often the key to 

understanding cellular processes is to analyse the structure of the involved proteins - 

the single proteins as well as their interactions in protein assemblies or protein 

complexes. Predominantly for structural analysis of single proteins, and also, to a 

minor extent, for the structural analysis of protein complexes, so far the method of 

choice has been x-ray crystallography. Since 1976, x-ray structures of 147158 

proteins (as of 2020/09/04) were solved and deposited at the Protein Data Bank 

(PDB), the central repository of biomolecular structures 208. Most of the deposited x-

ray structures at the PDB (around 80 %) contain 1 protein entity and 95 % of these 

have a molecular weight < 200 kDa. In addition, among the 3 % of all deposited 

crystal structures which contain at least 2 protein entities and have a molecular 

weight > 200 kDa, there are also numerous structures of very large, stable protein 

complexes, like for example the 20S proteasome (~700 kDa)209, the ATP synthase 

(~480 kDa)210, or the 50S211 and 80S212 ribosome (~1.5 and 3 MDa, respectively). 

The insights gained from these 147158 structural studies have led to the award of 29 

Nobel Prizes for scientific achievements related to, or involving the use of 

crystallography and, together with other structural studies, have revolutionized our 

understanding of chemical and biological systems 213. 

However, proteins with very flexible regions, most transmembrane proteins as well as 

proteins, which cannot be purified in the required amounts, are very difficult to 

crystallize. Also, the organization of a protein in a crystal lattice and the artificial 

environment (e.g. crystallization buffers) are drawbacks of x-ray crystallography as 

they may be critically different from the conditions in a living cell. 

A structural analysis method applicable in a more native-like environment of the 

observed proteins is nuclear magnetic resonance (NMR) spectroscopy. To date, 

NMR structures of 11801 proteins have been deposited at the PDB. NMR 

spectroscopy provides structural information on proteins in solution and is well suited 
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to study flexible proteins. However, the resolution for large proteins or protein 

assemblies remains a challenge and therefore NMR spectroscopy is limited to the 

structural analysis of small proteins. 

Another technique which is currently gaining momentum is electron microscopy (EM). 

Since 2018, EM structures deposited at the PDB have more than doubled and at the 

moment 5728 EM entries are available. Over 50 % of these entries contain more 

than 1 protein entity and have a molecular weight > 200 kDa. One of the largest EM 

structures at the PDB, with a resolution of 2.8 Å, is the phycobilisome, a light-

harvesting complex in cyanobacteria and red algae with the size of 14.7 MDa 214. EM 

includes the techniques electron tomography, single-particle cryo-electron 

microscopy (cryo-EM) and electron crystallography. Earlier this year, a milestone in 

cryo-EM was reached with the resolution of two apoferritin structures at 1.25 Å215 and 

1.2 Å216. This level of precision, which was previously only achievable with x-ray 

crystallography, allows for the unambiguous differentiation of the positions of 

individual atoms in a protein. Both datasets were collected on instruments, which 

ensure that the electrons hit the sample at a similar speed, thereby enhancing the 

resolution of the resulting images. An advantage of cryo-EM in comparison to x-ray 

crystallography is that the observed proteins (or protein complexes) do not need to 

from crystals; instead, it is sufficient to purify them in solution. Using electron 

tomography, biological assemblies can even be studied inside cryo-conserved cells 

and tissues. Despite the advances made in EM technologies in recent years, very 

flexible parts of proteins or proteins, which interact only transiently with a protein 

complex, often result in a very low local resolution and sometimes in missing 

densities in the EM maps. However, these parts of the sample might reflect important 

transition states for the understanding of the underlying molecular mechanism of a 

cellular process. 

A very powerful approach is to combine different structural analysis methods. In this 

context, XL-MS and other mass spectrometry-based structural techniques such as 

covalent labelling, hydrogen-deuterium exchange, ion mobility MS and native MS 

became very popular when resolving structures and dynamics of conformationally 

and compositionally heterogeneous protein complexes 217. With XL-MS it is possible 

to capture protein-protein interactions (PPI) in a native (-like) environment by 

application of chemical crosslinking reagents on purified proteins or protein 

complexes in solution, on purified cell organelles or even on intact cells. The 
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crosslinking reagent forms covalent bonds between proximal amino acids in the 

protein (complex) and subsequent MS analysis of the crosslinked peptides allows to 

readout the crosslinking sites on the amino acid level. An advantage of XL-MS over 

cryo-EM is that also flexible protein regions and transient protein interactions, which 

might only reflect a small part of the crosslinked sample, can be captured in 

crosslinks. However, since XL-MS is an ensemble technique, crosslinks originating 

from different conformational and compositional states of proteins in the same 

crosslinked sample cannot be specifically assigned to one of these states post-

analytically. Comparison of two distinct conformational states of a protein and 

analysis of its structural dynamics can be achieved by quantitative XL-MS. Therefore, 

proteins are crosslinked in two conditions and the relative abundances of the 

crosslinked peptides, i.e. the intensity measured in independent MS runs, are 

compared. Some conditions, such as reduced distance or increased accessibility of 

the crosslinked residues can lead to up-regulation of crosslinks, while other 

conditions, such as increased distance or decreased accessibility can lead to the 

down-regulation of crosslinks. Compared to x-ray crystallography and cryo-EM, XL-

MS has a rather low resolution, depending on the length of the chemical crosslinking 

reagent. 

In order to combine structural data from different experimental techniques and 

thereby resolving the structures of heterogeneous protein complexes, computational 

approaches for integrative modelling are required. Especially the combination of XL-

MS and cryo-EM with integrative modelling is very powerful and has been shown to 

allow de novo structure prediction 194. Another impressive example of an integrative 

modelling approach is the structural analysis of the nuclear pore complex (NPC) of 

S. cerevisiae, the 52 MDa protein complex in the nuclear envelope which regulates 

macromolecular transport between the nucleus and the cytoplasm 218. Among other 

models of protein assemblies, this structure is available at the PDB-Dev, a prototype 

deposition and archiving system for structural models obtained by integrative or 

hybrid modelling 219. So far, the PDB-Dev contains 53 entries, two of which are 

models of the E6AP-E6 and the E6AP-E6-p53 binding interfaces, resulting from 

manuscript 1 of this thesis (accession codes PDBDEV_00000022 and 

PDBDEV_00000023) 70. 
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The E6AP-E6-p53 enzyme-substrate complex is the first protein complex, which was 

examined in this thesis. For this project we first used state-of-the-art XL-MS in order 

to better characterize the binding interface of the viral oncoprotein E6 and the human 

E3 ubiquitin ligase E6AP. In addition to the known binding site of E6 on E6AP close 

to amino acid residues 378-395, 4 unique crosslinking sites between E6 and the 

HECT domain of E6AP (aa 495-852) were identified. This crosslinking information 

was combined with existing x-ray crystallography structures of the isolated HECT 

domain of E6AP as well as a crystal structure of E6 in an integrative modelling 

approach using the integrative modelling platform (IMP). In this process, a new 

binding interface of E6AP and E6 was identified. This binding interface could be 

reproduced by an alternative modelling approach using HADDOCK as well as by 

jackknifing, a method in which 15 % of the data are randomly removed (see 

manuscript 1, supplemental figure 8). Addition of the well-known substrate protein 

p53 to the E6AP-E6 complex and subsequent crosslinking showed that in the 

presence of the substrate protein, the previously described E6-E6AP binding 

interface is still relevant. Furthermore, p53 and E6 are both placed in vicinity of the 

catalytically active cysteine 820 in the HECT domain of E6AP. In the cell, or in E6AP 

mediated ubiquitylation assays, this cysteine residue harbours the ubiquitin molecule, 

which is transferred to substrate proteins such as p53. An interesting future 

experiment would be to site specifically load E6AP with ubiquitin at C820, for 

example by using the E1-E2 enzyme cascade, by a click-chemistry approach or by 

oxime ligation, and to analyse the E6AP-Ub-E6-p53 complex by XL-MS in order to 

examine the interaction sites of p53 and E6 with E6AP in the presence of ubiquitin. 

To investigate homomerization of E6AP, we developed a novel SILAC-XL-MS 

workflow compatible with the xQuest software for automated crosslink assignment, 

which we used in the first part for the identification of E6AP-E6-p53 intra- and inter-

protein crosslinks as well as monolinks. Conventional XL-MS cannot distinguish 

between intra-protein crosslinks involving two peptides from the same E6AP 

molecule and homomeric inter-protein crosslinks involving the same two peptides 

originating from two different E6AP molecules. One attempt to overcome this 

problem, for example, is to use mixtures of 14N/15N-labeled subunits 220, 51. Instead of 

incorporating 15N in all amino acids of one protein batch, we only used heavy labeled 

lysine and arginine. This was a straight-forward way to adapt the xQuest search 

algorithm with little effort to the new search conditions and to ensure at the same 
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time that each tryptic peptide contains at least one heavy labeled amino acid. In 

addition, compared to other approaches, our SILAC-XL-MS approach is in principle 

extendable to larger search databases. For E6AP, some homomeric interlinks were 

identified in the N-terminal region, whereas oligomerisation seemed not to be initiated 

or intensified by E6. The adapted xQuest software is available at github.com 

(/stengellab/silac_xl_ms).  

In addition to better characterize the binding interface of E6 and E6AP and to analyse 

the oligomerisation of E6AP, we wanted to get an idea how E6 activates E6AP on a 

structural level. Critical for this project was the quantitative analysis of the intra-

protein crosslinks on E6AP in presence and absence of E6. From the crosslink 

pattern alone, a distinct difference other than some diminished crosslinks in the 

central region of E6AP, was not obvious. Only when we compared the relative 

abundances of E6AP intra-protein crosslinks in the two conditions (e.g. with / without 

E6), we saw that intra-protein crosslinks between the N- and C- terminus of E6AP 

were up-regulated in presence of E6. We interpreted this up-regulation of crosslinks 

as a decreased distance of N- and C-termini of E6AP, by what the probability for a 

crosslink formation is increased. In general, not only a change of the distance of two 

crosslinked residues could result in a change in abundance of the resulting crosslink. 

It is also plausible, that the reactivity of only one of the two crosslinked residues is 

decreased, for example by a more buried position of the residue in one structural 

conformation, leading to a decreased abundance of this crosslink. Indirectly, this 

could even proceed to an altered abundance of other crosslinks. In addition, only the 

presence of E6 peptides in the sample could already lead to a decreased abundance 

of E6AP peptides in samples containing E6, although we aimed to normalize for this 

issue prior to MS analysis. Regardless, crosslinking of E6AP in presence of the 

E6_L50E point mutant, which binds E6AP only weakly, served as a control. In the 

presence of E6_L50E no change in E6AP intra-protein crosslink abundance could be 

observed. In summary, these findings suggest that E6 activates E6AP on a structural 

level by bringing the N- and C-termini of E6AP into closer proximity. Regarding the 

activation of E6AP, it would be an interesting additional experiment to examine 

potential structural rearrangements of E6AP loaded with ubiquitin at cysteine 820 by 

q-XL-MS and to compare it to the E6 induced activation of E6AP.  

For future quantitative XL-MS experiments it would be useful to have some 

guidelines in order to evaluate whether a change in crosslink abundance originates 
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from a structural rearrangement of the protein and a change in the distances of the 

crosslinked amino acid residues or rather from shielding effects of a second molecule 

and thereby a change in reactivity of some residues. One criterion could be for 

example, that at least two crosslinks between the same domains have to be 

regulated in the same direction. In the case of E6AP, we found several crosslinks 

from N- to C-terminus, which were up-regulated in the presence of E6 whereas at the 

same time monolinks in these regions showed no change in abundance. 

In general, it would also be interesting to know if and how far a change in reactivity of 

one lysine residue can proceed through the molecule in terms of changing the 

abundance of other mono- or crosslinks. A test case for this could be to crosslink a 

protein with a relatively stable conformation with a lysine specific crosslinking 

reagent, then setting the reactivity of one lysine residue, which is known to be 

involved in a crosslink, to zero by mutating this lysine residue to arginine and 

compare the cross- and monolink abundance to the wild type protein. This should 

shed light on the question if only the crosslink involving this lysine residue is 

decreased and the corresponding crosslinked lysine residue shows an increased 

monolink abundance or if the corresponding lysine residue is more frequently 

involved in other crosslinks once its preferred crosslink partner is not available any 

more. Thereby the abundance of other crosslinks would be altered although the 

protein structure did not change. 

 

The second cellular process, which was examined in manuscript 2 and manuscript 3 

of this cumulative thesis, is 60S ribosome biogenesis. Eukaryotic ribosome 

biogenesis requires around 200 so-called biogenesis factors, which transiently 

interact with pre-mature ribosomal complexes along their assembly pathway from the 

nucleolus to the cytoplasm. In manuscript 2 we focused on late cytoplasmic 

maturation of 60S ribosomes. In these late cytoplasmic states, which can be affinity 

purified for example by the TAP-tagged Lsg1 biogenesis factor, the rRNA domains 

are already folded properly and most of them are in their mature arrangement. Also, 

almost all r-proteins are incorporated at their assembly sites and only a small subset 

of assembly factors is still bound to 60S pre-ribosomal particles. We analysed 60S 

pre-ribosomal particles, which were affinity purified by Lsg1, with XL-MS on the one 

hand while on the other hand, a collaboration partner analysed particles, which were 

purified in the same way, with cryo-EM. Compared to earlier assembly states of 60S 
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pre-ribosomal particles in the nucleus or nucleolus, the late 60S pre-ribosomal 

particles contain much less biogenesis factors. Still, 6 different cryo-EM structures 

could be obtained from particles purified by Lsg1. This variability mirrors how 

dynamic pre-ribosomal particles are. By comparing state I and state II of the 

sequential steps in late cytoplasmic 60S subunit maturation (manuscript 2, figure 1A), 

Rei1 exchange by Reh1 in the polypeptide exit tunnel seems to be coupled to Arx1 

release. The corresponding crosslink pattern (manuscript 2, figure 1 – figure 

supplement 5A) confirms this finding because although inter-protein crosslinks were 

formed between Reh1 and Rpl24 (which is located close to the PET) as well as 

between Arx1-Rei1 and Rpl24, no crosslinks between Rei1 and Reh1 or Arx1 and 

Reh1 were found. This indicates that Arx1 and Rei1 are not present at the same 

subset of 60S pre-ribosomal particles as Reh1.  

Without the structural cryo-EM knowledge, this interpretation of crosslinking results 

would probably go too far. For one thing, this is due to the fact that XL-MS is an 

ensemble technique, and it is not possible to resolve post-analytically how many 

different dynamic structures contributed to the entirety of crosslinks identified in one 

sample. In addition, the absence of inter-protein crosslinks between two proteins 

does not necessarily mean, that these proteins are not interacting. One explanation 

for this could be that no crosslink could be formed or that due to the low abundance 

of a crosslink in a highly complex sample, this crosslink is simply not selected for an 

MS2 event during MS analysis, which is critical for crosslink identification. Thus, 

especially in very complex samples, such as pre-ribosomal particles, the 

reproducibility of measured inter-protein crosslinks can be a challenge. For example, 

in biological replicate II of crosslinked pre-ribosomal particles purified by Lsg1 

(manuscript 2, figure 1 – figure supplement 5B), the inter-protein crosslink between 

Rei1 and Rpl24 was not identified. Nevertheless, in combination with the cryo-EM 

data as a second layer of confidence, the crosslink data regarding Arx1-Rei1-Rpl24 

and Reh1-Rpl24 can be interpreted as originating from two different 60S pre-

ribosomal structures. 

Comparison of the crosslinking network of both biological replicates with the 6 cryo-

EM structures of Lsg1 pre-ribosomal particles, indicates, that more biogenesis factors 

are associated with Lsg1 pre-ribosomal particles than seen in cryo-EM maps. For the 

6 biogenesis factors Arx1, Lsg1, Nmd3, Rei1, Reh1 and eIF6 (alias Tif6) atomic 

maps could be resolved by cryo-EM. In addition, the phosphatase and zinc finger 
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domains of Yvh1 were assigned. In the crosslinking network, 5 of these 7 biogenesis 

factors (Arx1, Lsg1, Nmd3, Rei1, Reh1) were found in inter-protein crosslinks, 

whereas Tif6 and Yvh1 were only identified with monolinks (data not shown). 

Furthermore, additional biogenesis factors were represented in the crosslink 

networks (manuscript 2, figure 1 – figure supplement 5). For example, Alb1 was 

present in both crosslinking networks with reproducible interactions to Rpl32 and 

Rpl17, Sbp1 was crosslinked to Rpl32 and Ecm1 seemed to interact with Rpl2. 

These crosslinks could originate from very flexible proteins or from transient 

interactions, which might only reflect a small part of the sample that was not 

classified separately during cryo-EM analysis. Unfortunately, due to the relatively 

high FDR of 20 % at the already stringent ld-Score cut-off > 32, biogenesis factors of 

the 40S ribosomal subunit, which are very likely not part of late 60S pre-ribosomal 

particles, were also identified in inter-protein crosslinks. Due to the high FDR and 

missing information from cryo-EM it was not clear, which additional biogenesis 

factors are actually part of late 60S pre-ribosomal particles. 

This issue was addressed in manuscript 3 with the introduction of the novel mi-filter, 

which corrects for high FDRs in crosslink searches with medium to large databases. 

Thereby the mi-filter permits to consider crosslinking data alone, without information 

from cryo-EM structures, in order to decide which protein interactions are valid. 

Application of the mi-filter to the large dataset in manuscript 3, comprising not only 

late cytoplasmic maturation of 60S ribosomes but instead the complete landscape of 

60S ribosomal biogenesis, improved the FDR for inter-protein crosslinks dramatically. 

This allowed to now assign, for example, Ecm1 to pre-ribosomal particles purified by 

the biogenesis factors Lsg1, Arx1, Nog2 and Nop12. In these particles, Ecm1 could 

be positioned close to the binding sites of the r-proteins Rpl2 and Rpl43 and the 

biogenesis factor Nog2, which are located at the central region of these particles. 

In addition to Ecm1, 21 other so far unmodeled ribosome biogenesis factors as well 

as 2 potential novel assembly factors could be positioned at pre-ribosomal particles. 

Among them, for example, the DEAD-box ATPases Dbp10 and Dbp9, which are 

known to catalyse important steps in 60S ribosome biogenesis but have always been 

absent in cryo-EM maps and Tma16, which has long been known to associate with 

ribosomes and was now identified by us and others221 as a 60S biogenesis factor.  

In total, considering all samples, 272 proteins were reliably identified and quantified 

by an LFQ approach of the non-crosslinked peptides. By comparative analysis of this 
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quantitative proteomics data, a detailed timeline of 60S ribosome biogenesis was 

complied and Nop12 was positioned after Rix1 and before Nog2 in this timeline. In 

addition to some potential novel biogenesis factors, casein kinase II (Ck2) was 

identified as a 60S biogenesis factor. Reciprocal purification of pre-ribosomal 

particles associated with the Ck2 subunit Cka1 together with crosslinking data from 

pre-ribosomal particles purified by Noc1 and Nop16, suggest that Ck2 binds in 

proximity to the biogenesis factor Puf6 and the r-protein Rpl16 at the back side of 

pre-ribosomal particles. 

In summary, with this cumulative thesis, insights were gained on the structural 

dynamics in the E6AP-E6-p53 enzyme substrate complex, a SILAC-XL-MS method 

was established, crosslinking MS was applied in combination with cryo-EM in order 

to better understand late 60S ribosomal biogenesis and the mi-filter for FDR 

improvement of medium to large XL-MS datasets was introduced, which allowed to 

gain insights on the complete landscape of 60S ribosome biogenesis. 
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5. Dissemination 
 

5.1. Author contributions to the manuscripts included in this thesis 
 

5.1.1. Manuscript 1 
 

Structural dynamics of the E6AP/UBE3A-E6-p53 enzyme-substrate complex. Nature 

communications 2018. 

 

I conceived the study and experimental approach together with Fabian Offensperger, 

Martin Scheffner and Florian Stengel. Fabian Offensperger cloned, expressed and 

purified E6AP and E6. Alexandra Julier cloned, expressed and purified p53. I 

performed all chemical cross-linking coupled to mass spectrometry (XL-MS) 

experiments and all quantitative chemical cross-linking coupled to mass spectrometry 

(q-XL-MS) experiments. Fabian Offensperger carried out ubiquitylation assays. I 

implemented and carried out SILAC XL-MS experiments on E6AP and E6 together 

with Fabian Offensperger, Kai-Michael Kammer and Florian Stengel. Ryan Walker-

Gray, Matthew G. Gold and Florian Stengel implemented and carried out SILAC XL-

MS experiments on GST. Kai-Michael Kammer carried out the integrative modelling 

of the binding interface of E6 on the HECT domain of E6AP with the integrative 

modeling platform (IMP). I carried out the alternative modeling approach with 

HADDOCK, as requested from the reviewers. I analysed the data together with 

Fabian Offensperger, Martin Scheffner and Florian Stengel. Florian Stengel wrote the 

paper together with Martin Scheffner and with input from all authors. 

 

5.1.2. Manuscript 2 
 

Mechanism of completion of peptidyltransferase centre assembly in eukaryotes. eLife 

2019. 

 

I conceived the experimental approach for all XL-MS experiments. I analysed the XL-

MS data and contributed to the writing of the original draft as well as to the reviewing 

process together with Florian Stengel. For a more detailed overview please refer to 

paragraph 3.2.10. on page 72. 
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5.1.3. Manuscript 3 
 
A comprehensive landscape of 60S ribosome biogenesis factors. Submitted to 

Molecular Cell 2020. 

 

I conceived the study and experimental approach together with Jan Erzberger and 

Florian Stengel. I expressed, purified and crosslinked pre-ribosomal particles with 

help from Jasmin Jansen. I implemented the mi-filter. I analysed the data together 

with Jasmin Jansen, Jan Erzberger and Florian Stengel. I wrote the paper together 

with Jan Erzberger and Florian Stengel and with input from all authors. 
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6. Abbreviations 
  

AFs Assembly factors 

AML Acute myeloid leukaemia 

AP-MS Affinity-purification and mass spectrometry 

AS Angelman syndrome 

Ck2 Casein kinase II 

Cryo-EM Cryo-electron microscopy 

DEAD-box  Sequence motif containing amino acid sequence glu-asp-

ala-asp 

DMF Dimethylformamide 

DNA Desoxyribonucleic acid 

DSS Disuccinimidyl suberate 

DTT Dithiothreitol 

E6AP E6 associated protein 

EFL1 Elongation factor like GTPase 1 

EM Electron microscopy 

FDR False discovery rate 

FSC Fourier shell correlation 

GST Glutathione S-transferase 

HECT Homologous to E6AP C-terminus 

IMP Integrative modeling platform 

ITS1 / ITS2 Internal transcribed spacer 1 / 2 

LC Liquid chromatography 

ld-Score Linear discriminant score 

LSU Large ribosomal subunit 

mi-filter Mono- and intralink filter 

mRNA Messenger ribonucleic acid 

MS Mass spectrometry 

MDS Myelodysplastic syndrome 

NMR Nuclear magnetic resonance 

NPC Nuclear pore complex 

PDB Protein data bank 

PET Polypeptide exit tunnel 



	
	 150	

PPIs Protein-protein interactions 

PTC Peptidyltransferase centre 

q-XL-MS Quantitative chemical crosslinking coupled to mass 

spectrometry 

RBFs Ribosome biogenesis factors 

RBR RING-between-RING 

RING Really interesting new gene 

rmsd Root-mean-square deviation 

r-protein Ribosomal protein (of the small or large ribosomal subunit) 

rRNA Ribosomal ribonucleic acid 

SBDS Shwachman-Bodian-Diamond syndrome 

SGD Saccharomyces genome database 

SILAC Stable isotope labeling with amino acids in cell culture 

SRL Sarcin-ricin loop 

SSU Small ribosomal subunit 

T-ALL T-cell acute lymphoblastic leukaemia 

TAP Tandem affinity purification 

uxID Unique crosslinking site 

WT Wild type 

XL-MS Chemical crosslinking coupled to mass spectrometry 

 

  



	
	 151	

7. Acknowledgements 
 

I thank, first and foremost, Prof. Florian Stengel for taking me on board as a PhD 

student in his laboratory and for giving me the opportunity to work on a variety of 

super interesting and ambitious projects during the last 4.5 years. I especially want to 

thank him for his steady support throughout the whole thesis and for his 

encouragement to present our work at international conferences. 

 
I thank Prof. Martin Scheffner who kindly agreed to be the second thesis referee for 

his confidence in me regarding especially the first collaboration on E6AP. 

 
I thank Prof. Andreas Marx who kindly agreed to be the committee chairperson. 

 
I thank all members of the Stengel lab and the Scheffner lab – it has been a pleasure 

to work with you. 

 
I thank all collaboration partners from whom I have learned a great deal and with 

whom it was always a pleasure to work with. Especially I want to thank Jan 

Erzberger, for sharing his profund knowledge about ribosome biogenesis. 

 
I thank everyone in the SFB 969 for creating such an inspiring working atmosphere. 

 
I thank my graduate school, the KoRS-CB; especially my PhD colleagues for three 

nice retreats. 

 
I thank all students who enthusiastically helped me with the purification of pre-

ribosomal particles, notably Jasmin Jansen, Marc Halder, Niginia Borlinghaus, 

Philipp Schmid and Stefanie Gärtner. 

 
I thank Kai-Michael Kammer, Robin Marzucca, Christoph Hanselka and Axel Reiser 

for help with Python. 

 
I thank Lisa Morlock and Robin Marzucca for proof reading of this thesis. 

 
I thank everyone who regularly participated in the Scheffner-lab Wednesday poker 

round – this made especially the start in Konstanz much easier! 

 



	
	 152	

I thank all skitouring friends who I met during the time in Konstanz for sharing 

incredibly precious moments with me. 

 
I thank all save heavens, especially for providing tea and /or sunbeds in different 

gardens in Bönnigheim, Lauffen, Kreuzlingen and Buggingen. 

 
I also thank everyone who couldn’t complete this path with me. 

 
Of course I want to thank my family and Robin for their sympathy, support and kind 

love. 

 

  



	
	 153	

8. Bibliography 
 

1. Schwartz AL, Ciechanover A. Targeting proteins for destruction by the 
ubiquitin system: implications for human pathobiology. Annu Rev Pharmacol Toxicol 
49, 73-96 (2009). 
 
2. Kerscher O, Felberbaum R, Hochstrasser M. Modification of proteins by 
ubiquitin and ubiquitin-like proteins. Annu Rev Cell Dev Biol 22, 159-180 (2006). 
 
3. Varshavsky A. The ubiquitin system, an immense realm. Annu Rev Biochem 
81, 167-176 (2012). 
 
4. Berndsen CE, Wolberger C. New insights into ubiquitin E3 ligase mechanism. 
Nat Struct Mol Biol 21, 301-307 (2014). 
 
5. Zheng N, Shabek N. Ubiquitin Ligases: Structure, Function, and Regulation. 
Annu Rev Biochem 86, 129-157 (2017). 
 
6. Davey NE, Trave G, Gibson TJ. How viruses hijack cell regulation. Trends in 
biochemical sciences 36, 159-169 (2011). 
 
7. Popovic D, Vucic D, Dikic I. Ubiquitination in disease pathogenesis and 
treatment. Nat Med 20, 1242-1253 (2014). 
 
8. Luo H. Interplay between the virus and the ubiquitin-proteasome system: 
molecular mechanism of viral pathogenesis. Current opinion in virology 17, 1-10 
(2016). 
 
9. Rape M. Ubiquitylation at the crossroads of development and disease. Nat 
Rev Mol Cell Biol 19, 59-70 (2018). 
 
10. Huibregtse JM, Scheffner M, Beaudenon S, Howley PM. A Family of Proteins 
Structurally and Functionally Related to the E6-Ap Ubiquitin Protein Ligase. P Natl 
Acad Sci USA 92, 2563-2567 (1995). 
 
11. Scheffner M, Nuber U, Huibregtse JM. Protein Ubiquitination Involving an E1-
E2-E3 Enzyme Ubiquitin Thioester Cascade. Nature 373, 81-83 (1995). 
 
12. Huibregtse JM, Scheffner M, Howley PM. Cloning and Expression of the Cdna 
for E6-Ap, a Protein That Mediates the Interaction of the Human Papillomavirus E6 
Oncoprotein with P53. Mol Cell Biol 13, 775-784 (1993). 
 
13. zur Hausen H. Papillomaviruses and cancer: from basic studies to clinical 
application. Nat Rev Cancer 2, 342-350 (2002). 
 
14. Scheffner M, Huibregtse JM, Vierstra RD, Howley PM. The HPV-16 E6 and 
E6-AP complex functions as a ubiquitin-protein ligase in the ubiquitination of p53. 
Cell 75, 495-505 (1993). 
 



	
	 154	

15. Scheffner M, Whitaker NJ. Human papillomavirus-induced carcinogenesis and 
the ubiquitin-proteasome system. Semin Cancer Biol 13, 59-67 (2003). 
 
16. Beaudenon S, Huibregtse JM. HPV E6, E6AP and cervical cancer. BMC 
Biochem 9 Suppl 1, S4 (2008). 
 
17. Kishino T, Lalande M, Wagstaff J. UBE3A/E6-AP mutations cause Angelman 
syndrome. Nat Genet 15, 70-73 (1997). 
 
18. Matsuura T, et al. De novo truncating mutations in E6-AP ubiquitin-protein 
ligase gene (UBE3A) in Angelman syndrome. Nat Genet 15, 74-77 (1997). 
 
19. Clayton-Smith J, Laan L. Angelman syndrome: a review of the clinical and 
genetic aspects. J Med Genet 40, 87-95 (2003). 
 
20. Dagli A, Buiting K, Williams CA. Molecular and Clinical Aspects of Angelman 
Syndrome. Mol Syndromol 2, 100-112 (2012). 
 
21. Kumar S, Talis AL, Howley PM. Identification of HHR23A as a substrate for 
E6-associated protein-mediated ubiquitination. J Biol Chem 274, 18785-18792 
(1999). 
 
22. Mani A, et al. E6AP mediates regulated proteasomal degradation of the 
nuclear receptor coactivator amplified in breast cancer 1 in immortalized cells. 
Cancer Res 66, 8680-8686 (2006). 
 
23. Louria-Hayon I, et al. E6AP promotes the degradation of the PML tumor 
suppressor. Cell Death Differ 16, 1156-1166 (2009). 
 
24. Mulherkar SA, Sharma J, Jana NR. The ubiquitin ligase E6-AP promotes 
degradation of alpha-synuclein. J Neurochem 110, 1955-1964 (2009). 
 
25. Zaaroor-Regev D, et al. Regulation of the polycomb protein Ring1B by self-
ubiquitination or by E6-AP may have implications to the pathogenesis of Angelman 
syndrome. Proceedings of the National Academy of Sciences of the United States of 
America 107, 6788-6793 (2010). 
 
26. Greer PL, et al. The Angelman Syndrome Protein Ube3A Regulates Synapse 
Development by Ubiquitinating Arc. Cell 140, 704-716 (2010). 
 
27. Kuhnle S, Mothes B, Matentzoglu K, Scheffner M. Role of the ubiquitin ligase 
E6AP/UBE3A in controlling levels of the synaptic protein Arc. Proc Natl Acad Sci U S 
A 110, 8888-8893 (2013). 
 
28. Glessner JT, et al. Autism genome-wide copy number variation reveals 
ubiquitin and neuronal genes. Nature 459, 569-573 (2009). 
 
29. Hogart A, Wu D, LaSalle JM, Schanen NC. The comorbidity of autism with the 
genomic disorders of chromosome 15q11.2-q13. Neurobiol Dis 38, 181-191 (2010). 
 



	
	 155	

30. Smith SE, Zhou YD, Zhang G, Jin Z, Stoppel DC, Anderson MP. Increased 
gene dosage of Ube3a results in autism traits and decreased glutamate synaptic 
transmission in mice. Sci Transl Med 3, 103ra197 (2011). 
 
31. Hope KA, LeDoux MS, Reiter LT. Glial overexpression of Dube3a causes 
seizures and synaptic impairments in Drosophila concomitant with down regulation of 
the Na(+)/K(+) pump ATPalpha. Neurobiol Dis 108, 238-248 (2017). 
 
32. Huang HS, et al. Topoisomerase inhibitors unsilence the dormant allele of 
Ube3a in neurons. Nature 481, 185-189 (2011). 
 
33. Yamamoto Y, Huibregtse JM, Howley PM. The human E6-AP gene (UBE3A) 
encodes three potential protein isoforms generated by differential splicing. Genomics 
41, 263-266 (1997). 
 
34. Yi JJ, et al. An Autism-Linked Mutation Disables Phosphorylation Control of 
UBE3A. Cell 162, 795-807 (2015). 
 
35. Kuhnle S, et al. Physical and functional interaction of the HECT ubiquitin-
protein ligases E6AP and HERC2. J Biol Chem 286, 19410-19416 (2011). 
 
36. Harlalka GV, et al. Mutation of HERC2 causes developmental delay with 
Angelman-like features. J Med Genet 50, 65-73 (2013). 
 
37. Mortensen F, et al. Role of ubiquitin and the HPV E6 oncoprotein in E6AP-
mediated ubiquitination. Proc Natl Acad Sci U S A 112, 9872-9877 (2015). 
 
38. Huang L, et al. Structure of an E6AP-UbcH7 Complex: Insights into 
Ubiquitination by the E2-E3 Enzyme Cascade. Science 286, 1321-1326 (1999). 
 
39. Lemak A, Yee A, Bezsonova I, Dhe-Paganon S, Arrowsmith CH. Zn-binding 
AZUL domain of human ubiquitin protein ligase Ube3A. Journal of biomolecular NMR 
51, 185-190 (2011). 
 
40. Zanier K, et al. Structural basis for hijacking of cellular LxxLL motifs by 
papillomavirus E6 oncoproteins. Science 339, 694-698 (2013). 
 
41. Martinez-Zapien D, et al. Structure of the E6/E6AP/p53 complex required for 
HPV-mediated degradation of p53. Nature 529, 541-+ (2016). 
 
42. Leitner A, Faini M, Stengel F, Aebersold R. Crosslinking and Mass 
Spectrometry: An Integrated Technology to Understand the Structure and Function of 
Molecular Machines. Trends in biochemical sciences 41, 20-32 (2016). 
 
43. Yu C, Huang L. Cross-Linking Mass Spectrometry: An Emerging Technology 
for Interactomics and Structural Biology. Anal Chem 90, 144-165 (2018). 
 
44. Walker-Gray R, Stengel F, Gold MG. Mechanisms for restraining cAMP-
dependent protein kinase revealed by subunit quantitation and cross-linking 
approaches. Proceedings of the National Academy of Sciences of the United States 
of America,  (2017). 



	
	 156	

 
45. Walzthoeni T, et al. xTract: software for characterizing conformational changes 
of protein complexes by quantitative cross-linking mass spectrometry. Nat Methods 
12, 1185-1190 (2015). 
 
46. Ronchi VP, Klein JM, Edwards DJ, Haas AL. The active form of E6-associated 
protein (E6AP)/UBE3A ubiquitin ligase is an oligomer. J Biol Chem 289, 1033-1048 
(2014). 
 
47. Ronchi VP, Kim ED, Summa CM, Klein JM, Haas AL. In silico modeling of the 
cryptic E2 approximately ubiquitin-binding site of E6-associated protein 
(E6AP)/UBE3A reveals the mechanism of polyubiquitin chain assembly. J Biol Chem 
292, 18006-18023 (2017). 
 
48. Subbotin RI, Chait BT. A pipeline for determining protein-protein interactions 
and proximities in the cellular milieu. Mol Cell Proteomics 13, 2824-2835 (2014). 
 
49. Pettelkau J, et al. Structural analysis of guanylyl cyclase-activating protein-2 
(GCAP-2) homodimer by stable isotope-labeling, chemical cross-linking, and mass 
spectrometry. J Am Soc Mass Spectrom 24, 1969-1979 (2013). 
 
50. Soderberg CA, et al. Detection of crosslinks within and between proteins by 
LC-MALDI-TOFTOF and the software FINDX to reduce the MSMS-data to acquire for 
validation. PLoS One 7, e38927 (2012). 
 
51. Lima DB, et al. Characterization of homodimer interfaces with cross-linking 
mass spectrometry and isotopically labeled proteins. Nat Protoc 13, 431-458 (2018). 
 
52. Arlt C, Ihling CH, Sinz A. Structure of full-length p53 tumor suppressor probed 
by chemical cross-linking and mass spectrometry. Proteomics 15, 2746-2755 (2015). 
 
53. Ong SE, et al. Stable isotope labeling by amino acids in cell culture, SILAC, as 
a simple and accurate approach to expression proteomics. Mol Cell Proteomics 1, 
376-386 (2002). 
 
54. Matic I, et al. Absolute SILAC-compatible expression strain allows Sumo-2 
copy number determination in clinical samples. J Proteome Res 10, 4869-4875 
(2011). 
 
55. Patel N, Stengel F, Aebersold R, Gold MG. Molecular basis of AKAP79 
regulation by calmodulin. Nat Commun 8, 1681 (2017). 
 
56. Huibregtse JM, Scheffner M, Howley PM. Localization of the E6-AP regions 
that direct human papillomavirus E6 binding, association with p53, and ubiquitination 
of associated proteins. Mol Cell Biol 13, 4918-4927 (1993). 
 
57. Russel D, et al. Putting the pieces together: integrative modeling platform 
software for structure determination of macromolecular assemblies. PLoS Biol 10, 
e1001244 (2012). 
 



	
	 157	

58. Erzberger JP, et al. Molecular architecture of the 40S⋅eIF1⋅eIF3 translation 
initiation complex. Cell 158, 1123-1135 (2014). 
 
59. Cho Y, Gorina S, Jeffrey PD, Pavletich NP. Crystal structure of a p53 tumor 
suppressor-DNA complex: understanding tumorigenic mutations. Science 265, 346-
355 (1994). 
 
60. Plechanovova A, Jaffray EG, Tatham MH, Naismith JH, Hay RT. Structure of a 
RING E3 ligase and ubiquitin-loaded E2 primed for catalysis. Nature 489, 115-120 
(2012). 
 
61. Berndsen CE, Wolberger C. A spectrophotometric assay for conjugation of 
ubiquitin and ubiquitin-like proteins. Anal Biochem 418, 102-110 (2011). 
 
62. Hornby JA, et al. Equilibrium folding of dimeric class mu glutathione 
transferases involves a stable monomeric intermediate. Biochemistry 39, 12336-
12344 (2000). 
 
63. Bullock AN, et al. Thermodynamic stability of wild-type and mutant p53 core 
domain. Proc Natl Acad Sci U S A 94, 14338-14342 (1997). 
 
64. Leitner A, Walzthoeni T, Aebersold R. Lysine-specific chemical cross-linking of 
protein complexes and identification of cross-linking sites using LC-MS/MS and the 
xQuest/xProphet software pipeline. Nat Protoc 9, 120-137 (2014). 
 
65. Combe CW, Fischer L, Rappsilber J. xiNET: cross-link network maps with 
residue resolution. Mol Cell Proteomics 14, 1137-1147 (2015). 
 
66. Rieping W, Habeck M, Nilges M. Inferential structure determination. Science 
309, 303-306 (2005). 
 
67. Alber F, et al. Determining the architectures of macromolecular assemblies. 
Nature 450, 683-694 (2007). 
 
68. Fernandez-Martinez J, et al. Structure-function mapping of a heptameric 
module in the nuclear pore complex. J Cell Biol 196, 419-434 (2012). 
 
69. Vizcaino JA, et al. 2016 update of the PRIDE database and its related tools. 
Nucleic Acids Res 44, 11033 (2016). 
 
70. Sailer C, et al. Structural dynamics of the E6AP/UBE3A-E6-p53 enzyme-
substrate complex. Nature Communications 9,  (2018). 
 
71. Ho JH, Kallstrom G, Johnson AW. Nmd3p is a Crm1p-dependent adapter 
protein for nuclear export of the large ribosomal subunit. J Cell Biol 151, 1057-1066 
(2000). 
 
72. Thomas F, Kutay U. Biogenesis and nuclear export of ribosomal subunits in 
higher eukaryotes depend on the CRM1 export pathway. J Cell Sci 116, 2409-2419 
(2003). 
 



	
	 158	

73. Trotta CR, Lund E, Kahan L, Johnson AW, Dahlberg JE. Coordinated nuclear 
export of 60S ribosomal subunits and NMD3 in vertebrates. EMBO J 22, 2841-2851 
(2003). 
 
74. Hung NJ, Johnson AW. Nuclear recycling of the pre-60S ribosomal subunit-
associated factor Arx1 depends on Rei1 in Saccharomyces cerevisiae. Mol Cell Biol 
26, 3718-3727 (2006). 
 
75. Bradatsch B, et al. Arx1 functions as an unorthodox nuclear export receptor for 
the 60S preribosomal subunit. Mol Cell 27, 767-779 (2007). 
 
76. Bassler J, et al. The conserved Bud20 zinc finger protein is a new component 
of the ribosomal 60S subunit export machinery. Mol Cell Biol 32, 4898-4912 (2012). 
 
77. Yao W, Roser D, Kohler A, Bradatsch B, Bassler J, Hurt E. Nuclear export of 
ribosomal 60S subunits by the general mRNA export receptor Mex67-Mtr2. Mol Cell 
26, 51-62 (2007). 
 
78. Yao Y, Demoinet E, Saveanu C, Lenormand P, Jacquier A, Fromont-Racine 
M. Ecm1 is a new pre-ribosomal factor involved in pre-60S particle export. RNA 16, 
1007-1017 (2010). 
 
79. Kappel L, et al. Rlp24 activates the AAA-ATPase Drg1 to initiate cytoplasmic 
pre-60S maturation. J Cell Biol 199, 771-782 (2012). 
 
80. Pertschy B, et al. Cytoplasmic recycling of 60S preribosomal factors depends 
on the AAA protein Drg1. Mol Cell Biol 27, 6581-6592 (2007). 
 
81. Lo KY, Li Z, Bussiere C, Bresson S, Marcotte EM, Johnson AW. Defining the 
pathway of cytoplasmic maturation of the 60S ribosomal subunit. Mol Cell 39, 196-
208 (2010). 
 
82. Bradatsch B, et al. Structure of the pre-60S ribosomal subunit with nuclear 
export factor Arx1 bound at the exit tunnel. Nat Struct Mol Biol 19, 1234-1241 (2012). 
 
83. Leidig C, et al. 60S ribosome biogenesis requires rotation of the 5S 
ribonucleoprotein particle. Nat Commun 5, 3491 (2014). 
 
84. Wu S, et al. Diverse roles of assembly factors revealed by structures of late 
nuclear pre-60S ribosomes. Nature 534, 133-+ (2016). 
 
85. Lebreton A, Saveanu C, Decourty L, Rain JC, Jacquier A, Fromont-Racine M. 
A functional network involved in the recycling of nucleocytoplasmic pre-60S factors. J 
Cell Biol 173, 349-360 (2006). 
 
86. Demoinet E, Jacquier A, Lutfalla G, Fromont-Racine M. The Hsp40 chaperone 
Jjj1 is required for the nucleo-cytoplasmic recycling of preribosomal factors in 
Saccharomyces cerevisiae. RNA 13, 1570-1581 (2007). 
 



	
	 159	

87. Meyer AE, Hung NJ, Yang P, Johnson AW, Craig EA. The specialized 
cytosolic J-protein, Jjj1, functions in 60S ribosomal subunit biogenesis. Proc Natl 
Acad Sci U S A 104, 1558-1563 (2007). 
 
88. Meyer AE, Hoover LA, Craig EA. The cytosolic J-protein, Jjj1, and Rei1 
function in the removal of the pre-60 S subunit factor Arx1. J Biol Chem 285, 961-968 
(2010). 
 
89. Greber BJ, Boehringer D, Montellese C, Ban N. Cryo-EM structures of Arx1 
and maturation factors Rei1 and Jjj1 bound to the 60S ribosomal subunit. Nat Struct 
Mol Biol 19, 1228-1233 (2012). 
 
90. Greber BJ, et al. Insertion of the Biogenesis Factor Rei1 Probes the 
Ribosomal Tunnel during 60S Maturation. Cell 164, 91-102 (2016). 
 
91. Ma C, et al. Structural snapshot of cytoplasmic pre-60S ribosomal particles 
bound by Nmd3, Lsg1, Tif6 and Reh1. Nat Struct Mol Biol 24, 214-220 (2017). 
 
92. Kemmler S, Occhipinti L, Veisu M, Panse VG. Yvh1 is required for a late 
maturation step in the 60S biogenesis pathway. J Cell Biol 186, 863-880 (2009). 
 
93. Lo KY, Li Z, Wang F, Marcotte EM, Johnson AW. Ribosome stalk assembly 
requires the dual-specificity phosphatase Yvh1 for the exchange of Mrt4 with P0. J 
Cell Biol 186, 849-862 (2009). 
 
94. Rodriguez-Mateos M, et al. The amino terminal domain from Mrt4 protein can 
functionally replace the RNA binding domain of the ribosomal P0 protein. Nucleic 
Acids Res 37, 3514-3521 (2009). 
 
95. Malyutin AG, Musalgaonkar S, Patchett S, Frank J, Johnson AW. Nmd3 is a 
structural mimic of eIF5A, and activates the cpGTPase Lsg1 during 60S ribosome 
biogenesis. EMBO J 36, 854-868 (2017). 
 
96. Hedges J, West M, Johnson AW. Release of the export adapter, Nmd3p, from 
the 60S ribosomal subunit requires Rpl10p and the cytoplasmic GTPase Lsg1p. 
EMBO J 24, 567-579 (2005). 
 
97. Fernandez-Pevida A, Rodriguez-Galan O, Diaz-Quintana A, Kressler D, de la 
Cruz J. Yeast ribosomal protein L40 assembles late into precursor 60 S ribosomes 
and is required for their cytoplasmic maturation. J Biol Chem 287, 38390-38407 
(2012). 
 
98. Gartmann M, Blau M, Armache JP, Mielke T, Topf M, Beckmann R. 
Mechanism of eIF6-mediated inhibition of ribosomal subunit joining. J Biol Chem 285, 
14848-14851 (2010). 
 
99. Becam AM, Nasr F, Racki WJ, Zagulski M, Herbert CJ. Ria1p (Ynl163c), a 
protein similar to elongation factors 2, is involved in the biogenesis of the 60S subunit 
of the ribosome in Saccharomyces cerevisiae. Mol Genet Genomics 266, 454-462 
(2001). 
 



	
	 160	

100. Senger B, et al. The nucle(ol)ar Tif6p and Efl1p are required for a late 
cytoplasmic step of ribosome synthesis. Mol Cell 8, 1363-1373 (2001). 
 
101. Menne TF, et al. The Shwachman-Bodian-Diamond syndrome protein 
mediates translational activation of ribosomes in yeast. Nat Genet 39, 486-495 
(2007). 
 
102. Finch AJ, et al. Uncoupling of GTP hydrolysis from eIF6 release on the 
ribosome causes Shwachman-Diamond syndrome. Genes Dev 25, 917-929 (2011). 
 
103. Wong CC, Traynor D, Basse N, Kay RR, Warren AJ. Defective ribosome 
assembly in Shwachman-Diamond syndrome. Blood 118, 4305-4312 (2011). 
 
104. Weis F, et al. Mechanism of eIF6 release from the nascent 60S ribosomal 
subunit. Nat Struct Mol Biol 22, 914-919 (2015). 
 
105. Patchett S, Musalgaonkar S, Malyutin AG, Johnson AW. The T-cell leukemia 
related rpl10-R98S mutant traps the 60S export adapter Nmd3 in the ribosomal P site 
in yeast. PLoS Genet 13, e1006894 (2017). 
 
106. De Keersmaecker K, et al. Exome sequencing identifies mutation in CNOT3 
and ribosomal genes RPL5 and RPL10 in T-cell acute lymphoblastic leukemia. 
Nature Genetics 45, 186-190 (2013). 
 
107. Boocock GRB, et al. Mutations in SBDS are associated with Shwachman-
Diamond syndrome. Nature Genetics 33, 97-101 (2003). 
 
108. Warren AJ. Molecular basis of the human ribosomopathy Shwachman-
Diamond syndrome. Adv Biol Regul 67, 109-127 (2018). 
 
109. Dhanraj S, et al. Biallelic mutations in DNAJC21 cause Shwachman-Diamond 
syndrome. Blood 129, 1557-1562 (2017). 
 
110. Tummala H, et al. DNAJC21 Mutations Link a Cancer-Prone Bone Marrow 
Failure Syndrome to Corruption in 60S Ribosome Subunit Maturation. Am J Hum 
Genet 99, 115-124 (2016). 
 
111. D'Amours G, et al. Refining the phenotype associated with biallelic DNAJC21 
mutations. Clin Genet 94, 252-258 (2018). 
 
112. Stepensky P, et al. Mutations in EFL1, an SBDS partner, are associated with 
infantile pancytopenia, exocrine pancreatic insufficiency and skeletal anomalies in 
aShwachman-Diamond like syndrome. J Med Genet 54, 558-566 (2017). 
 
113. Bassler J, et al. Interaction network of the ribosome assembly machinery from 
a eukaryotic thermophile. Protein Sci 26, 327-342 (2017). 
 
114. Zhou Y, Musalgaonkar S, Johnson AW, Taylor DW. Tightly-orchestrated 
rearrangements govern catalytic center assembly of the ribosome. Nat Commun 10, 
958 (2019). 
 



	
	 161	

115. Parnell KM, Bass BL. Functional redundancy of yeast proteins Reh1 and Rei1 
in cytoplasmic 60S subunit maturation. Mol Cell Biol 29, 4014-4023 (2009). 
 
116. Ben-Shem A, Garreau de Loubresse N, Melnikov S, Jenner L, Yusupova G, 
Yusupov M. The structure of the eukaryotic ribosome at 3.0 A resolution. Science 
334, 1524-1529 (2011). 
 
117. Schmidt C, et al. Structure of the hypusinylated eukaryotic translation factor 
eIF-5A bound to the ribosome. Nucleic Acids Res 44, 1944-1951 (2016). 
 
118. Hofer A, Bussiere C, Johnson AW. Mutational analysis of the ribosomal 
protein Rpl10 from yeast. J Biol Chem 282, 32630-32639 (2007). 
 
119. Bussiere C, Hashem Y, Arora S, Frank J, Johnson AW. Integrity of the P-site 
is probed during maturation of the 60S ribosomal subunit. J Cell Biol 197, 747-759 
(2012). 
 
120. Sulima SO, et al. Eukaryotic rpL10 drives ribosomal rotation. Nucleic Acids 
Res 42, 2049-2063 (2014). 
 
121. Kater L, et al. Visualizing the Assembly Pathway of Nucleolar Pre-60S 
Ribosomes. Cell 171, 1599-1610 e1514 (2017). 
 
122. Sanghai ZA, et al. Modular assembly of the nucleolar pre-60S ribosomal 
subunit. Nature 556, 126-129 (2018). 
 
123. Davis JH, Tan YZ, Carragher B, Potter CS, Lyumkis D, Williamson JR. 
Modular Assembly of the Bacterial Large Ribosomal Subunit. Cell 167, 1610-1622 
e1615 (2016). 
 
124. Zisser G, et al. Viewing pre-60S maturation at a minute's timescale. Nucleic 
Acids Res 46, 3140-3151 (2018). 
 
125. Loibl M, et al. The drug diazaborine blocks ribosome biogenesis by inhibiting 
the AAA-ATPase Drg1. J Biol Chem 289, 3913-3922 (2014). 
 
126. Nissan TA, Bassler J, Petfalski E, Tollervey D, Hurt E. 60S pre-ribosome 
formation viewed from assembly in the nucleolus until export to the cytoplasm. 
EMBO J 21, 5539-5547 (2002). 
 
127. Oeffinger M, et al. Comprehensive analysis of diverse ribonucleoprotein 
complexes. Nat Methods 4, 951-956 (2007). 
 
128. Zheng SQ, Palovcak E, Armache JP, Verba KA, Cheng Y, Agard DA. 
MotionCor2: anisotropic correction of beam-induced motion for improved cryo-
electron microscopy. Nat Methods 14, 331-332 (2017). 
 
129. Zhang K. Gctf: Real-time CTF determination and correction. J Struct Biol 193, 
1-12 (2016). 
 



	
	 162	

130. Scheres SH. RELION: implementation of a Bayesian approach to cryo-EM 
structure determination. J Struct Biol 180, 519-530 (2012). 
 
131. Scheres SH. A Bayesian view on cryo-EM structure determination. J Mol Biol 
415, 406-418 (2012). 
 
132. Kimanius D, Forsberg BO, Scheres SH, Lindahl E. Accelerated cryo-EM 
structure determination with parallelisation using GPUs in RELION-2. Elife 5,  (2016). 
 
133. van Heel M, Stoffler-Meilicke M. Characteristic views of E. coli and B. 
stearothermophilus 30S ribosomal subunits in the electron microscope. EMBO J 4, 
2389-2395 (1985). 
 
134. Scheres SH, Chen S. Prevention of overfitting in cryo-EM structure 
determination. Nat Methods 9, 853-854 (2012). 
 
135. Penczek PA, Frank J, Spahn CM. A method of focused classification, based 
on the bootstrap 3D variance analysis, and its application to EF-G-dependent 
translocation. J Struct Biol 154, 184-194 (2006). 
 
136. Kucukelbir A, Sigworth FJ, Tagare HD. Quantifying the local resolution of cryo-
EM density maps. Nat Methods 11, 63-65 (2014). 
 
137. Pettersen EF, et al. UCSF Chimera--a visualization system for exploratory 
research and analysis. J Comput Chem 25, 1605-1612 (2004). 
 
138. Emsley P, Cowtan K. Coot: model-building tools for molecular graphics. Acta 
Crystallogr D Biol Crystallogr 60, 2126-2132 (2004). 
 
139. Adams PD, et al. PHENIX: a comprehensive Python-based system for 
macromolecular structure solution. Acta Crystallogr D Biol Crystallogr 66, 213-221 
(2010). 
 
140. Amunts A, et al. Structure of the yeast mitochondrial large ribosomal subunit. 
Science 343, 1485-1489 (2014). 
 
141. Chen VB, et al. MolProbity: all-atom structure validation for macromolecular 
crystallography. Acta Crystallogr D Biol Crystallogr 66, 12-21 (2010). 
 
142. Van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, Berendsen HJ. 
GROMACS: fast, flexible, and free. J Comput Chem 26, 1701-1718 (2005). 
 
143. Eisenhaber F, Lijnzaad P, Argos P, Sanders C, Scharf M. The double cubic 
lattice method: Efficient approaches to numerical integration of surface area and 
volume and to dot surface contouring of molecular assemblies. Journal of 
Computational Chemistry 16, 273-287 (1995). 
 
144. Goddard TD, et al. UCSF ChimeraX: Meeting modern challenges in 
visualization and analysis. Protein Sci 27, 14-25 (2018). 
 



	
	 163	

145. Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. J Mol 
Graph 14, 33-38, 27-38 (1996). 
 
146. Trabuco LG, Villa E, Mitra K, Frank J, Schulten K. Flexible fitting of atomic 
structures into electron microscopy maps using molecular dynamics. Structure 16, 
673-683 (2008). 
 
147. Phillips JC, et al. Scalable molecular dynamics with NAMD. J Comput Chem 
26, 1781-1802 (2005). 
 
148. Best RB, et al. Optimization of the additive CHARMM all-atom protein force 
field targeting improved sampling of the backbone phi, psi and side-chain chi(1) and 
chi(2) dihedral angles. J Chem Theory Comput 8, 3257-3273 (2012). 
 
149. Erzberger JP, et al. Molecular architecture of the 40SeIF1eIF3 translation 
initiation complex. Cell 158, 1123-1135 (2014). 
 
150. Bai XC, Fernandez IS, McMullan G, Scheres SH. Ribosome structures to 
near-atomic resolution from thirty thousand cryo-EM particles. Elife 2, e00461 (2013). 
 
151. Sievers F, et al. Fast, scalable generation of high-quality protein multiple 
sequence alignments using Clustal Omega. Mol Syst Biol 7, 539 (2011). 
 
152. Natchiar SK, Myasnikov AG, Kratzat H, Hazemann I, Klaholz BP. Visualization 
of chemical modifications in the human 80S ribosome structure. Nature 551, 472-477 
(2017). 
 
153. Anger AM, et al. Structures of the human and Drosophila 80S ribosome. 
Nature 497, 80-85 (2013). 
 
154. Klinge S, Woolford JL, Jr. Ribosome assembly coming into focus. Nat Rev Mol 
Cell Biol 20, 116-131 (2019). 
 
155. Konikkat S, Woolford JL, Jr. Principles of 60S ribosomal subunit assembly 
emerging from recent studies in yeast. Biochem J 474, 195-214 (2017). 
 
156. Kressler D, Hurt E, Bassler J. A Puzzle of Life: Crafting Ribosomal Subunits. 
Trends Biochem Sci 42, 640-654 (2017). 
 
157. Woolford JL, Jr., Baserga SJ. Ribosome biogenesis in the yeast 
Saccharomyces cerevisiae. Genetics 195, 643-681 (2013). 
 
158. Gamalinda M, et al. A hierarchical model for assembly of eukaryotic 60S 
ribosomal subunit domains. Genes Dev 28, 198-210 (2014). 
 
159. Kargas V, et al. Mechanism of completion of peptidyltransferase centre 
assembly in eukaryotes. Elife 8,  (2019). 
 
160. Kater L, et al. Construction of the Central Protuberance and L1 Stalk during 
60S Subunit Biogenesis. Mol Cell 79, 615-628.e615 (2020). 
 



	
	 164	

161. Wu S, et al. Diverse roles of assembly factors revealed by structures of late 
nuclear pre-60S ribosomes. Nature 534, 133-137 (2016). 
 
162. Zhou D, Zhu X, Zheng S, Tan D, Dong MQ, Ye K. Cryo-EM structure of an 
early precursor of large ribosomal subunit reveals a half-assembled intermediate. 
Protein Cell 10, 120-130 (2019). 
 
163. Martin R, Straub AU, Doebele C, Bohnsack MT. DExD/H-box RNA helicases 
in ribosome biogenesis. RNA Biol 10, 4-18 (2013). 
 
164. Rodriguez-Galan O, Garcia-Gomez JJ, de la Cruz J. Yeast and human RNA 
helicases involved in ribosome biogenesis: current status and perspectives. Biochim 
Biophys Acta 1829, 775-790 (2013). 
 
165. Hein MY, et al. A human interactome in three quantitative dimensions 
organized by stoichiometries and abundances. Cell 163, 712-723 (2015). 
 
166. Tyanova S, Temu T, Cox J. The MaxQuant computational platform for mass 
spectrometry-based shotgun proteomics. Nat Protoc 11, 2301-2319 (2016). 
 
167. Tyanova S, et al. The Perseus computational platform for comprehensive 
analysis of (prote)omics data. Nat Methods 13, 731-740 (2016). 
 
168. Kressler D, Hurt E, Bassler J. Driving ribosome assembly. Biochim Biophys 
Acta 1803, 673-683 (2010). 
 
169. de la Cruz J, Lacombe T, Deloche O, Linder P, Kressler D. The putative RNA 
helicase Dbp6p functionally interacts with Rpl3p, Nop8p and the novel trans-acting 
Factor Rsa3p during biogenesis of 60S ribosomal subunits in Saccharomyces 
cerevisiae. Genetics 166, 1687-1699 (2004). 
 
170. Milkereit P, et al. Maturation and intranuclear transport of pre-ribosomes 
requires Noc proteins. Cell 105, 499-509 (2001). 
 
171. Eppens NA, et al. Deletions in the S1 domain of Rrp5p cause processing at a 
novel site in ITS1 of yeast pre-rRNA that depends on Rex4p. Nucleic Acids Res 30, 
4222-4231 (2002). 
 
172. Khoshnevis S, et al. The DEAD-box Protein Rok1 Orchestrates 40S and 60S 
Ribosome Assembly by Promoting the Release of Rrp5 from Pre-40S Ribosomes to 
Allow for 60S Maturation. PLoS Biol 14, e1002480 (2016). 
 
173. Cherry JM, et al. Saccharomyces Genome Database: the genomics resource 
of budding yeast. Nucleic Acids Res 40, D700-705 (2012). 
 
174. Barandun J, Chaker-Margot M, Hunziker M, Molloy KR, Chait BT, Klinge S. 
The complete structure of the small-subunit processome. Nat Struct Mol Biol 24, 944-
953 (2017). 
 



	
	 165	

175. Cheng J, Kellner N, Berninghausen O, Hurt E, Beckmann R. 3.2-A-resolution 
structure of the 90S preribosome before A1 pre-rRNA cleavage. Nat Struct Mol Biol 
24, 954-964 (2017). 
 
176. Kornprobst M, et al. Architecture of the 90S Pre-ribosome: A Structural View 
on the Birth of the Eukaryotic Ribosome. Cell 166, 380-393 (2016). 
 
177. Schuller JM, Falk S, Fromm L, Hurt E, Conti E. Structure of the nuclear 
exosome captured on a maturing preribosome. Science 360, 219-222 (2018). 
 
178. Fleischer TC, Weaver CM, McAfee KJ, Jennings JL, Link AJ. Systematic 
identification and functional screens of uncharacterized proteins associated with 
eukaryotic ribosomal complexes. Genes Dev 20, 1294-1307 (2006). 
 
179. Van Dyke N, Chanchorn E, Van Dyke MW. The Saccharomyces cerevisiae 
protein Stm1p facilitates ribosome preservation during quiescence. Biochem Biophys 
Res Commun 430, 745-750 (2013). 
 
180. Rossler I, et al. Tsr4 and Nap1, two novel members of the ribosomal protein 
chaperOME. Nucleic Acids Res 47, 6984-7002 (2019). 
 
181. Yoo CJ, Wolin SL. The yeast La protein is required for the 3' endonucleolytic 
cleavage that matures tRNA precursors. Cell 89, 393-402 (1997). 
 
182. Sachs AB, Davis RW. Translation initiation and ribosomal biogenesis: 
involvement of a putative rRNA helicase and RPL46. Science 247, 1077-1079 
(1990). 
 
183. Röther S, Burkert C, Brünger KM, Mayer A, Kieser A, Strässer K. 
Nucleocytoplasmic shuttling of the La motif-containing protein Sro9 might link its 
nuclear and cytoplasmic functions. Rna 16, 1393-1401 (2010). 
 
184. Wade CH, Umbarger MA, McAlear MA. The budding yeast rRNA and 
ribosome biosynthesis (RRB) regulon contains over 200 genes. Yeast (Chichester, 
England) 23, 293-306 (2006). 
 
185. Yang J, Sharma S, Watzinger P, Hartmann JD, Kotter P, Entian KD. Mapping 
of Complete Set of Ribose and Base Modifications of Yeast rRNA by RP-HPLC and 
Mung Bean Nuclease Assay. Plos One 11, e0168873 (2016). 
 
186. Linder P, Jankowsky E. From unwinding to clamping - the DEAD box RNA 
helicase family. Nat Rev Mol Cell Biol 12, 505-516 (2011). 
 
187. Dembowski JA, Kuo B, Woolford JL, Jr. Has1 regulates consecutive 
maturation and processing steps for assembly of 60S ribosomal subunits. Nucleic 
Acids Res 41, 7889-7904 (2013). 
 
188. Bruning L, et al. RNA helicases mediate structural transitions and 
compositional changes in pre-ribosomal complexes. Nat Commun 9, 5383 (2018). 
 



	
	 166	

189. Manikas RG, Thomson E, Thoms M, Hurt E. The K⁺-dependent GTPase Nug1 
is implicated in the association of the helicase Dbp10 to the immature peptidyl 
transferase centre during ribosome maturation. Nucleic Acids Res 44, 1800-1812 
(2016). 
 
190. Rosado IV, Dez C, Lebaron S, Caizergues-Ferrer M, Henry Y, de la Cruz J. 
Characterization of Saccharomyces cerevisiae Npa2p (Urb2p) reveals a low-
molecular-mass complex containing Dbp6p, Npa1p (Urb1p), Nop8p, and Rsa3p 
involved in early steps of 60S ribosomal subunit biogenesis. Mol Cell Biol 27, 1207-
1221 (2007). 
 
191. Oeffinger M, et al. Rrp17p is a eukaryotic exonuclease required for 5' end 
processing of Pre-60S ribosomal RNA. Mol Cell 36, 768-781 (2009). 
 
192. Fursch J, Kammer KM, Kreft SG, Beck M, Stengel F. Proteome-Wide 
Structural Probing of Low-Abundant Protein Interactions by Cross-Linking Mass 
Spectrometry. Anal Chem 92, 4016-4022 (2020). 
 
193. Beveridge R, Stadlmann J, Penninger JM, Mechtler K. A synthetic peptide 
library for benchmarking crosslinking-mass spectrometry search engines for proteins 
and protein complexes. Nat Commun 11, 742 (2020). 
 
194. Erzberger JP, et al. Molecular Architecture of the 40SeIF1eIF3 Translation 
Initiation Complex. Cell 159, 1227-1228 (2014). 
 
195. Fischer L, Rappsilber J. Quirks of Error Estimation in Cross-Linking/Mass 
Spectrometry. Anal Chem 89, 3829-3833 (2017). 
 
196. Gotze M, Iacobucci C, Ihling CH, Sinz A. A Simple Cross-Linking/Mass 
Spectrometry Workflow for Studying System-wide Protein Interactions. Anal Chem 
91, 10236-10244 (2019). 
 
197. Liu F, Rijkers DTS, Post H, Heck AJR. Proteome-wide profiling of protein 
assemblies by cross-linking mass spectrometry. Nat Methods 12, 1179-+ (2015). 
 
198. Walzthoeni T, et al. False discovery rate estimation for cross-linked peptides 
identified by mass spectrometry. Nat Methods 9, 901-903 (2012). 
 
199. Fromm L, et al. Reconstitution of the complete pathway of ITS2 processing at 
the pre-ribosome. Nat Commun 8, 1787 (2017). 
 
200. Gasse L, Flemming D, Hurt E. Coordinated Ribosomal ITS2 RNA Processing 
by the Las1 Complex Integrating Endonuclease, Polynucleotide Kinase, and 
Exonuclease Activities. Mol Cell 60, 808-815 (2015). 
 
201. Pilion MC, et al. Cryo-EM reveals active site coordination within a multienzyme 
pre-rRNA processing complex. Nature Structural & Molecular Biology 26, 830-+ 
(2019). 
 



	
	 167	

202. Kos-Braun IC, Jung I, Koš M. Tor1 and CK2 kinases control a switch between 
alternative ribosome biogenesis pathways in a growth-dependent manner. PLoS Biol 
15, e2000245 (2017). 
 
203. Krogan NJ, et al. High-definition macromolecular composition of yeast RNA-
processing complexes. Mol Cell 13, 225-239 (2004). 
 
204. Rusin SF, Adamo ME, Kettenbach AN. Identification of Candidate Casein 
Kinase 2 Substrates in Mitosis by Quantitative Phosphoproteomics. Front Cell Dev 
Biol 5, 97 (2017). 
 
205. Ghaemmaghami S, et al. Global analysis of protein expression in yeast. 
Nature 425, 737-741 (2003). 
 
206. Leitner A, Walzthoeni T, Aebersold R. Lysine-specific chemical cross-linking of 
protein complexes and identification of cross-linking sites using LC-MS/MS and the 
xQuest/xProphet software pipeline. Nat Protoc 9, 120-137 (2014). 
 
207. Perez-Riverol Y, et al. The PRIDE database and related tools and resources in 
2019: improving support for quantification data. Nucleic Acids Res 47, D442-D450 
(2019). 
 
208. Berman HM, et al. The Protein Data Bank. Nucleic Acids Res 28, 235-242 
(2000). 
 
209. Groll M, et al. Structure of 20S proteasome from yeast at 2.4 A resolution. 
Nature 386, 463-471 (1997). 
 
210. Stock D, Leslie AG, Walker JE. Molecular architecture of the rotary motor in 
ATP synthase. Science 286, 1700-1705 (1999). 
 
211. Hansen JL, Ippolito JA, Ban N, Nissen P, Moore PB, Steitz TA. The structures 
of four macrolide antibiotics bound to the large ribosomal subunit. Mol Cell 10, 117-
128 (2002). 
 
212. Ben-Shem A, Jenner L, Yusupova G, Yusupov M. Crystal structure of the 
eukaryotic ribosome. Science 330, 1203-1209 (2010). 
 
213. Coontz R, Fahrenkamp-Uppenbrink J, Lavine M, Vinson V. Crystallography at 
100. Going from strength to strength. Introduction. Science 343, 1091 (2014). 
 
214. Ma J, You X, Sun S, Wang X, Qin S, Sui SF. Structural basis of energy 
transfer in Porphyridium purpureum phycobilisome. Nature 579, 146-151 (2020). 
 
215. Yip KM, Fischer N, Paknia E, Chari A, Stark H. Breaking the next Cryo-EM 
resolution barrier - Atomic resolution determination of proteins! bioRxiv (preprint 
server) https://doi.org/10.1101/2020.05.21.106740,  (2020). 
 
216. Nakane T, et al. Single-praticle cryo-EM at atomic resolution. bioRxiv (preprint 
server) https://doi.org/10.1101/2020.05.22.110189,  (2020). 
 



	
	 168	

217. Yu C, Huang L. Cross-Linking Mass Spectrometry: An Emerging Technology 
for Interactomics and Structural Biology. Anal Chem 90, 144-165 (2018). 
 
218. Kim SJ, et al. Integrative structure and functional anatomy of a nuclear pore 
complex. Nature 555, 475-482 (2018). 
 
219. Vallat B, Webb B, Westbrook JD, Sali A, Berman HM. Development of a 
Prototype System for Archiving Integrative/Hybrid Structure Models of Biological 
Macromolecules. Structure 26, 894-904 e892 (2018). 
 
220. Melchior JT, et al. An Evaluation of the Crystal Structure of C-terminal 
Truncated Apolipoprotein A-I in Solution Reveals Structural Dynamics Related to 
Lipid Binding. J Biol Chem 291, 5439-5451 (2016). 
 
221. Liang X, et al. Structural snapshots of human pre-60S ribosomal particles 
before and after nuclear export. Nat Commun 11, 3542 (2020). 
 
222. Ebner FA, et al. A ubiquitin variant-based affinity approach selectively 
identifies substrates of the ubiquitin ligase E6AP in complex with HPV-11 E6 or HPV-
16 E6. J Biol Chem,  (2020). 
 
223. Aichem A, et al. The ubiquitin-like modifier FAT10 interferes with SUMO 
activation. Nat Commun 10, 4452 (2019). 
 
224. Gamerdinger M, et al. Early Scanning of Nascent Polypeptides inside the 
Ribosomal Tunnel by NAC. Mol Cell 75, 996-1006 e1008 (2019). 
 
225. Kargas V, et al. Mechanism of completion of peptidyltransferase centre 
assembly in eukaryotes. Elife 8,  (2019). 
 
226. Iacobucci C, et al. First Community-Wide, Comparative Cross-Linking Mass 
Spectrometry Study. Anal Chem 91, 6953-6961 (2019). 
 
227. Gu ZC, et al. Ubiquitin orchestrates proteasome dynamics between 
proliferation and quiescence in yeast. Mol Biol Cell 28, 2479-2491 (2017). 
 
 




