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Abstract 

Structural and mechanistic knowledge of protein complexes and protein-protein 

interactions (PPIs) is crucial for the understanding of nearly all cellular processes. The 

field of structural biology has developed from the resolution of single proteins to protein 

complexes and finally to the determination of even large macromolecular protein 

assemblies. Today, the next steps towards an even deeper molecular understanding of 

biological processes are made and one of the current challenges is the detection of PPIs 

and protein structures in their native cellular environment. Furthermore, capturing the 

dynamics of protein complexes is another current challenge of modern structural biology. 

Despite their remarkable success, current high-resolution technologies as X-ray 

crystallography, NMR, Cryo-EM and Cryo-ET are still challenged by these aspects, 

leading to the necessity of complementary techniques.  

One relatively young discipline of structural biology is structural mass spectrometry (MS) 

which comprises affinity purification MS (AP-MS), native MS, ion-mobility MS and cross-

linking MS (XL-MS). It has been demonstrated that a hybrid approach of different structural 

MS techniques can be successful in resolving structures of very large protein complexes, 

even though not on a high-resolution level. Moreover, these techniques are now frequently 

used in integrative approaches along with other high-resolution techniques to expand 

models and access previously unresolved regions within protein assemblies.  

In the last decade XL-MS has evolved into an important technology for the study of PPIs 

on a recombinant level and has started to become applicable to proteome-wide studies.  

During cross-linking of proteins, covalent bonds are introduced between spatially close 

functional groups and the resulting interconnected peptides can be detected by MS. The 

information can be used to gain insights into the interaction principles of proteins and in 

many cases facilitates modelling of protein complexes on a low-resolution scale or adds 

missing information to existing high-resolution structures.  

The reliable detection of cross-links on recombinant proteins has been fully established 

over the last 10 years based on the development of modern highly sensitive high-speed 

scanning MS instruments and dedicated cross-link search tools. A current challenge within 
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the field is the determination of quantitative changes within cross-link patterns and its 

correlation with conformational changes and protein structures probed by quantitative XL-

MS (qXL-MS). Here, many MS techniques and proof of principle studies have been 

published over the last years, but the biological relevance and application ranges of 

qXL-MS remain to be studied in-depth. Another current challenge is the transition from 

recombinant proteins to proteome-wide cross-linking studies. In the last 5 years, new 

cross-linker technologies and belonging software have facilitated the detection of cross-

links within cells or cell lysates, but major technical hurdles still need to be overcome to 

allow reliable and large-scale proteome-wide cross-linking studies.  

The present thesis comprises three individual studies dealing majorly with cross-linking 

mass spectrometry (XL-MS) and qXL-MS and its application to different biological 

questions.  

In the first study of the thesis interaction sites within three different Hsp26:Substrate 

complexes were investigated by XL-MS and dynamic changes while Hsp26 activation and 

substrate binding were assessed by time-resolved qXL-MS. 

In the second study the current limitation of proteome-wide cross-linking on high-abundant 

proteins was investigated. Here, existing studies were mapped onto proteome-wide 

abundance distributions and a kinetic model was built to explain the cross-link formation 

within a cell lysate. In the experimental part the influence of the cross-linker concentration 

on the formation of cross-links at low abundant proteins was investigated in vitro and in a 

eukaryotic cell lysate.  

In the third study XL-MS and qXL-MS were applied to structurally investigate molecular 

condensates built by the protein FUS (Fused in Sarcoma) and a small heat-shock protein 

HspB8. Here, the interaction of both proteins in the dilute and condensed state was 

studied to gain a molecular understanding on how proteins assemble within condensates. 

Furthermore, the disease-related condensate hardening process and its inhibition by 

HspB8 was studied with a strong emphasis on the role of the folded RNA recognition motif 

within this process. 

 

The small heat-shock protein (sHsp) Hsp26 from Saccharomyces cerevisiae is one of the 

best studied members of the sHsp family. Its major cellular function is to avoid 
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stress-induced protein aggregation by binding early unfolding states of many protein 

substrates. Despite the remarkable knowledge on sHsps, one major question is still how 

these chaperones mediate their broad substrate specificity and which parts of the protein 

are responsible for substrate binding as well as what happens on a molecular level while 

their transition into the active state.  

In this work Hsp26 was cross-linked with three different, well-known substrate proteins 

and three very similar binding sites within Hsp26 were identified. The most prominent 

binding site was detected within the middle domain (MD), the other interaction sites were 

located within the alpha crystalline domain (αCD) and C-terminal extension (CTE). 

Surprisingly, the interaction data showed that all three substrates carry out interaction 

primary with regions located in the C-terminus (even though cross-links to additional 

regions were also identified). However, no obvious similarities could be found within the 

major C-terminal binding regions of the three substrates. These results indicate that 

Hsp26 performs binding of different substrates by roughly the same regions and can 

recognize many different sequences within substrates rather than interacting with general 

binding sites with distinct physico-chemical properties. Since Hsp26 exists as 

polydisperse ensemble of oligomers (as nearly all sHsps) which as well undergo changes 

under heat-shock conditions, our results indicate - as suggested previously – that the wide 

substrate specificity of Hsp26 is caused by its large structural heterogeneity and 

oligomeric polydispersity rather than using a divers set of binding sites.  

While it is by now well established that XL-MS is well suited to accurately map sites of 

PPI, it has recently also been demonstrated that relative changes in cross-linking behavior 

probed by qXL-MS can be used for a structural understanding of protein dynamics. In the 

current study we were able to make use of time-resolved qXL-MS to show that heat-

induced activation and substrate binding causes changes of the cross-linking pattern of 

virtually all parts of Hsp26. In particularly, the cross-linking status within the MD did 

undergo significant changes, suggesting that the MD has a crucial role for the functionality 

of Hsp26 both during activation as well as substrate binding.  

 

Proteome-wide cross-linking studies attract increasingly attention since they allow the 

investigation of PPIs in a native environment. Despite of the remarkable number of PPIs 
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which have been identified in recent proteome-wide cross-linking studies, most of the 

cross-links have been detected on very high abundant proteins as the ribosome, heat-

shock proteins and proteins which are part of the main metabolic pathways. In the cross-

linking field, the by nature low abundance of cross-links and the challenging detection 

within a highly complex environment so far has been regarded as the overwhelming 

reason for that bias. In our second study we had a closer look at this specific limitation of 

proteome-wide cross-linking. In the first place, we could show that all current proteome-

wide cross-linking studies have a strict tendency towards detecting higher abundant 

proteins and we could as well show that this is not only due to limitations in MS sensitivity 

but also due to kinetics limiting the formation of cross-links on lower abundant proteins. 

In the final step of the study we could show experimentally both in vitro and in a cell lysate 

that an increase in cross-linker concentration indeed leads to the detection of a relatively 

higher cross-link number on low abundant proteins. This study therefore explains a cause 

of a major limitation in current proteome-wide cross-linking studies. Moreover, it points out 

how to redesign XL-MS studies in the future to be able to target an even larger portion of 

the proteome for cross-linking studies. 

 

Biomolecular condensates formed by phase separation offer a confined space where PPIs 

facilitate distinct biochemical reactions. Current work suggests that in many cases, 

compartment formation is driven by liquid-liquid phase separation (LLPS), and these liquid 

compartments can then harden both in physiology, but also in disease. However, despite 

the extensive work in vivo and in vitro on proteins that phase separate, our current 

knowledge on how proteins are organized within condensates is very limited and 

monitoring the transient interactions inside condensates has remained a major challenge 

to the field.  

To date we do not know whether PPIs inside and outside of a droplet or during subsequent 

maturation do change or stay the same, nor do we know how partitioning and 

corresponding activity of client proteins into condensates is mediated by PPIs. As the 

formation and maturation of biomolecular condensates is of fundamental relevance to 

biology and a disease-associated process, it is critical to understand the underlying 

molecular interactions. 



 
- 13 - 

 

In this third study of the thesis, by optimizing and critically expanding workflows in XL-MS, 

we directly and specifically monitor PPIs and protein dynamics inside condensates formed 

by the protein FUS and identify its folded RNA recognition motif (RRM) as a novel key 

player of aberrant molecular aging. We took a biochemical approach using purified 

proteins to reconstitute critical parts of the chaperone-mediated control machinery 

associated with stress granules (SGs) because it allowed us to obtain unprecedented 

mechanistic insights into the molecular organization and dynamics of condensates and 

use it to test if sHsps are able to prevent aging of FUS condensates by modulating PPIs. 

Using partitioning experiments of both domain swap and SNAP fusion constructs, we find 

that HspB8 is specifically targeted to FUS condensates in vitro and to SGs in vivo by its 

intrinsically disordered region (IDR). We show that HspB8 is using its arginines in the IDR 

to interact with the tyrosines in the FUS-LCD, thereby partitioning into FUS condensates 

and targeting its αCD for proper chaperoning. This confirms that HspB8 integrates into the 

molecular grammar of FUS and demonstrates how molecular function is coupled to 

specific protein domains within condensates. These experiments tie in with our XL-MS 

data which reveal that inside condensates HspB8 interacts with both the RBD and the 

LCD of FUS, however, only the interaction between the αCD of HspB8 and the RRM of 

FUS is specifically established inside the condensed phase. Our data therefore 

demonstrate for the first-time condensate-specific client interaction and shows with 

unprecedented molecular detail how protein contacts are formed within molecular 

condensates. More generally, our data therefore indicate that established principles of 

cellular organization, such as domain-specific interaction sites, also apply to the 

biochemistry inside molecular condensates. 

In further experiments, by devising a stage and time-resolved quantitative XL-MS 

approach we could as well show that predominantly the RRM undergoes specific 

conformational changes during both liquid-liquid phase separation (LLPS) and age-

induced fiber formation.  

We then moved on to monitor aging of FUS droplets. By measuring material turnover and 

quantifying droplet coalescence we show that HspB8 maintains the liquid-like properties 

of FUS, prevents hardening and completely prevents fiber formation of FUS. XL-MS data 
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confirms that this is done via an interface between the HspB8-αCD and the FUS-RRM. 

Importantly, we demonstrate that local unfolding of the RRM domain of FUS is the 

molecular cause that drives aggregation and fiber formation and that the HspB8-αCD 

interface prevents FUS aging by stabilizing the folded FUS-RRM inside condensates. This 

is exciting, as it puts the folded RRM domain as a previously overlooked target into the 

center of aging research on FUS.  

We additionally demonstrate that a HspB8 mutant, associated with Charcot-Marie Tooth 

disease, a currently incurable dominant autosomal disorder of the peripheral nervous 

system, fails to prevent FUS aging. We illustrate that this mutant exerts a dominant 

negative effect over the WT, in line with our cross-linking data which indicate a stronger 

interaction between FUS and the mutant as well as an altered impact on the RRM 

conformation. This suggests that the mutant is unable to stabilize the native conformation 

of the FUS-RRM and impairs the ability of the WT to maintain the liquid-like properties of 

FUS in a dynamic state. 

Using multiple lines of evidence, we here uncover the molecular mechanisms of HspB8-

inhibited aging of FUS condensates and propose that chaperones like HspB8 generally 

prevent aberrant phase transitions by stabilizing aggregation prone folded domains inside 

condensates in times of cellular stress.  

Taken together, we are demonstrating that we are able to monitor PPIs specifically within 

reconstituted liquid protein condensates and to study protein dynamics during condensate 

formation and molecular aging, thus paving the way for a deeper and more detailed 

structural understanding of molecular condensates in general. We also reveal the 

molecular mechanism on how the chaperone HspB8 prevents aging of FUS via a 

condensate-specific PPI suggesting that stabilizing aggregation prone folded domains 

inside condensates is a general mechanism to prevent aberrant phase transitions, which 

will be of interest to anyone working on chaperones. 
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Zusammenfassung 

Strukturelle und mechanistische Kenntnisse über Proteinkomplexe und Protein-Protein 

Interaktionen (PPIs) sind für das Verständnis von nahezu allen zellulären Prozessen von 

entscheidender Bedeutung. Das Feld der Strukturbiologie hat sich von der 

Strukturbestimmung einzelner Proteine, über Proteinkomplexe dahin entwickelt, dass 

heutzutage auch makromolekulare Proteinassemblierungen hochauflösend untersucht 

werden können. Der nächste Schritt hin zu einem noch tieferen molekularen Verständnis 

biologischer Prozesse ist die strukturelle Aufklärung von Proteinkomplexen und PPIs 

innerhalb ihres natürlichem Umfelds – der Zelle - sowie das Auflösen von dynamischen 

Prozessen. Auch neuste, hochauflösende strukturbiologischen Methoden wie 

Kristallographie, NMR, Cryo-EM und Cryo-ET weisen an diesen Punkten noch 

entscheidende Limitierungen auf, was zur Notwendigkeit von ergänzenden Methoden 

führt.   

Eine vergleichsweise junge Teildisziplin der Strukturbiologie ist die strukturelle 

Massenspektrometrie (MS). Unter diesem Oberbegriff sind verschieden MS Techniken 

zusammengefasst, wie der Affinity-Purification MS (AP-MS), native MS, Ion-Mobility MS 

und cross-linking MS (XL-MS). So konnte schon gezeigt werden, dass durch den hybriden 

Einsatz unterschiedlicher MS Techniken Strukturaufklärung auch von sehr großen 

Proteinen möglich ist, wenngleich nicht auf hochauflösendem Level. Ferner werden diese 

MS Techniken immer häufiger in integrativen Ansätzen zusammen mit hochauflösenden 

Techniken verwendet, insbesondere um flexible Regionen aufzulösen, die vorher 

unzugänglich waren.   

XL-MS hat sich dabei in den letzten beiden Dekaden zu einer wichtigen Technik für die 

Bestimmung von PPIs zwischen rekombinante Proteine entwickelt und befindet sich 

mittlerweile auch in Proteom-weiten Studien auf dem Vormarsch. Bei dieser Technik 

werden unter Einsatz sogenannter chemischer Vernetzer (Cross-linker) kovalente 

Bindungen zwischen räumlich nah beieinanderliegenden Aminosäuren eingeführt, die in 

der späteren MS Messung identifiziert werden können. Der große Vorteil dieser Technik 

ist, dass die Proteine in ihrem nativen Zustand belassen und nur sehr kleine Mengen 

benötigt werden. Außerdem können auch flexible, unstrukturierte oder heterogene 
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Proteinassemblierungen untersucht werden. Am Ende erhält man Informationen über 

Interaktionsdomänen sowie auch deren räumliche Nähe, allerdings auf relativ niedrig-

auflösendem Niveau.  

Die verlässliche Detektion von Cross-links innerhalb rekombinanter Proteine hat sich über 

die letzten zehn Jahre durch moderne, in Hochgeschwindigkeit messende MS 

Instrumente und durch die Entwicklung von dezidierter Software für die Cross-link Suche 

vollständig etabliert. Dagegen ist das Quantifizieren von Cross-link Veränderungen und 

deren Zusammenhang mit Proteinstrukturen und konformationellen Veränderungen, 

ermittelt durch quantitative XL-MS (qXL-MS), noch eine der aktuellen Herausforderungen 

im Cross-linking Feld.  Eine andere große Herausforderung ist der Übergang von 

rekombinanten Proteinen hin zu Proteom-weiten Cross-link Studien. In den letzten fünf 

Jahren wurden zwar neue Cross-linker Technologien entwickelt, die die Detektion von 

Cross-links innerhalb von Zellen oder Zelllysaten ermöglicht, dennoch müssen noch 

große technische Hürden überwunden werden, um verlässliche and umfassende 

Proteom-weite Cross-link Studien zu erlauben. 

In der vorliegenden Dissertation wurde XL-MS und qXL-MS in drei unterschiedlichen 

Studien zur Untersuchung von PPIs und Protein Dynamiken angewendet. 

In der ersten Studie wurden Bindestellen innerhalb drei verschiedener Hsp26:Substrat 

Komplexe untersucht und es wurden dynamische Veränderungen während der Hsp26 

Aktivierung und Substratbindung mittels qXL-MS verfolgt. 

In der zweiten Studie wurde die derzeitige Limitierung von Proteom-weiten Cross-link 

Studien auf hoch abundante Proteine untersucht. Hier wurden existierende Cross-link 

Studien innerhalb von Proteom-umfassenden Abundanzverteilungen abgebildet und ein 

kinetisches Model erstellt, um die Cross-link Reaktion innerhalb eines Zelllysates zu 

erklären. Im experimentellen Teil wurde der Einfluss der Cross-linker Konzentration auf 

die Bildung von Cross-links in vitro und in einem eukaryotischen Zelllysat untersucht. 

In der dritten Studie wurden XL-MS und qXL-MS verwendet, um molekulare Kondensate, 

die durch das Protein FUS (Fused in Sarcoma) und das Small Heat-Shock Protein HspB8 

gebildet werden, strukturell zu untersuchen. Hierbei wurde die Interaktion beider Proteine 

außerhalb und innerhalb der Kondensate untersucht, um ein molekulares Verständnis 
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darüber zu erlangen, wie sich Proteine in Kondensaten zusammensetzen. Im Weiteren 

wurde der krankheitsbezogene Aggregationsprozess von FUS Kondensaten und dessen 

Inhibierung durch HspB8 untersucht, wobei der Fokus stark auf der Rolle des gefalteten 

RNA Recognition Motif (RRM) lag.   

 

Das Small Heat-Shock Protein (sHsp) Hsp26 aus Saccharomyces cerevisiae ist eines der 

am besten untersuchten Mitglieder der sHsp Familie. Seine Hauptaufgabe innerhalb der 

Zelle ist die Verhinderung von stress-induzierter Proteinaggregation. Dabei bindet es eine 

Vielzahl von Substraten, wenn sie sich in einem frühen Zustand der Entfaltung befinden. 

Trotz enormen Wissens über sHsps, ist eines der wichtigen noch offenen Fragen wie sie 

ihre umfassende Substratspezifität ermöglichen und welche Teile des Proteins für die 

Substratbindung verantwortlich sind. Ferner ist nicht ausreichend bekannt, welche 

molekularen Veränderungen während des Übergangs in den aktiven Zustand ablaufen. 

In der ersten Studie der vorliegenden Thesis wurde Hsp26 mit drei bekannten Substraten 

verlinkt und es wurden für die verschiedenen Substrate sehr ähnliche Bindestellen 

innerhalb von Hsp26 identifiziert. Die Hauptbindestelle ist dabei wahrscheinlich die 

mittlere Domäne (MD) von Hsp26, auch wenn noch weitere Interaktionen mit der Alpha 

Crystalline Domäne (αCD) und der C-terminalen Extension (CTE) festgestellt wurden.  Ein 

relativ überraschender Befund unserer  Daten war, dass alle drei Substrate hauptsächlich 

(wenn auch nicht ausschließlich), über ihre jeweiligen C-terminalen Regionen die 

Interaktion mit Hsp26 einzugehen scheinen, obgleich wir keine offensichtlichen 

Ähnlichkeiten in der Sequenz innerhalb der C-terminalen Binderegionen finden konnten. 

Diese Ergebnisse deuten darauf hin, dass Hsp26 auch unterschiedliche Substrate mit 

jeweils der gleichen Region binden kann. Gleichzeitig sprechen die Daten gegen einen 

Mechanismus bei dem Binderegionen mit definierten physisch-chemischen 

Eigenschaften erkannt werden. Hsp26 existiert wie fast alle sHsps als polydisperses 

Ensemble aus Oligomeren, welche bei Hitze-Shock strukturelle Veränderungen 

vollziehen. Unsere Cross-link Daten unterstützen die in der Literatur gängige These, dass 

sHsps ihre große Substrat Spezifität mit Hilfe ihrer oligomerischen Polydispersität und 

eben nicht durch multiple eigene Binderegionen bewerkstelligen.  
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Während es schon seit einiger Zeit etabliert ist, Interaktionsstellen über XL-MS zu 

detektieren, wurde in den Letzen Jahren auch gezeigt, dass qXL-MS prinzipiell in der Lage 

ist, dynamische Prozesse zu untersuchen. In der vorliegenden Studie haben wir mittels 

Vergleiches der Cross-link Zustände zu unterschiedlichen Zeitpunkten, den hitze-

abhängigen Aktivierungsprozess und die Substratbindung von Hsp26 verfolgt. Wir 

konnten zeigen, dass sowohl Aktivierung als auch Substratbindung in nahezu allen 

Regionen von Hsp26 Veränderungen bewirkt. Auffällig waren hierbei insbesondere die 

Veränderungen von Cross-links innerhalb der MD. Unsere Daten deuten daher darauf hin, 

dass die MD von Hsp26 beim Übergang in den aktiven Zustand und während der 

Substraterkennung eine entscheidende Rolle für die Funktionalität von Hsp26 trägt.    

 

Proteom-weite Cross-linking Studien ziehen wachsende Aufmerksamkeit auf sich, da sie 

die Untersuchung von PPIs innerhalb der nativen Umgebung ermöglichen. Trotz der 

bemerkenswerten Anzahl an PPIs, die in kürzlich erschienenen proteom-weiten Cross-

linking Studien identifiziert wurden, liegen die meisten Cross-links auf sehr abundanten 

Proteinen wie dem Ribosome, Heat-shock Proteinen oder Proteinen, die Teil der 

wichtigsten Energiestoffwechselwege sind. Im Cross-linking Feld wurde die naturgemäß 

niedrige Abundanz von verlinkten Peptiden und die schwierige Detektion innerhalb eines 

komplexen Umfeldes bisher als die alles überragenden Gründe für diese Limitierung 

betrachtet.  

Die zweite Studie der Thesis beschäftigt sich mit dem Proteom-weiten Cross-linken.  

Durch das Abbilden bisheriger Studien auf existierende Abundanzverteilungen konnten 

wir zeigen, dass alle existierenden Proteom-weiten Cross-link Studien vor Allem eine 

relativ kleine Subpopulation eher abundanter Proteine identifiziert haben. Wir konnten hier 

zeigen, dass dieser Effekt zumindest auch durch kinetische Einschränkungen 

hervorgerufen wird – und nicht nur von der immer noch begrenzten Sensitivität der 

derzeitigen Massenspektrometer, was bis dato zumeist vermutet wurde. Im finalen Schritt 

der Studie konnte dann sowohl in vitro als auch im Zelllysat gezeigt werden, dass eine 

Erhöhung der Cross-linker Konzentration in der Tat dazu führt, dass relativ betrachtet 

mehr niedrig abundante Proteine detektiert werden. Dies ist eine wichtige Erkenntnis, da 

es eine wesentliche Limitierung von derzeitigen Cross-link Studien auf dem Proteom Level 
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aufzeigt und den Weg bereitet, wie man zukünftige Studien verändern muss, um noch 

größere Teile des Proteoms mittels Cross-linking zu erreichen. 

 

 

Durch Phasentrennung gebildete biomolekulare Kondensate stellen einen abgegrenzten 

Raum innerhalb der Zelle dar, in diesem PPIs biochemische Reaktionen ermöglichen. 

Aktuelle Studien deuten an, dass die Kompartimentbildung häufig durch Flüssig-Flüssig 

Phasentrennung entsteht und dass diese Kompartimente sich sowohl unter 

physiologischen als auch krankheits-assoziierten Bedingungen verfestigen können. Trotz 

der großen Menge an in vivo und in vitro Erkenntnissen über Proteine, die 

Phasentrennung vollziehen, ist unser derzeitiges Verständnis darüber, wie Proteine 

innerhalb von Kondensaten organisiert sind, sehr limitiert. Auch die transienten 

Interaktionen innerhalb von Kondensaten sind derzeit noch schwer zu untersuchen. 

Bisher wissen wir nicht ob sich PPIs innerhalb und außerhalb der Kondensate 

unterscheiden und ob sie sich während des Heranwachsens der Kondensate verändern. 

Ferner ist unbekannt, ob die Partitionierung in Kondensate und daraus resultierende 

Aktivität durch PPIs vermittelt wird. Da diese Prozesse von großer Bedeutung und häufig 

auch krankheitsbezogen sind, ist es entscheidend die molekularen Interaktionen innerhalb 

von Kondensaten zu verstehen.  

In der dritten Studie der Thesis haben wir es durch die Optimierung und Erweiterung von 

Standard XL-MS Protokollen ermöglicht, PPIs und Dynamiken direkt und spezifisch 

innerhalb von Kondensaten zu untersuchen und konnten dabei zeigen, dass die gefaltete 

RRM von FUS eine Schlüsselrolle während des molekularen Alterns einnimmt. Für diesen 

Zweck haben wir einen entscheidenden Teil des Chaperone-vermittelten Kontrollsystems, 

welcher auch mit Stress Granules (SGs) in Verbindung steht, in vitro rekonstruiert. Dies 

hat uns erlaubt, so noch nicht gezeigte mechanistische Einblicke in die molekulare 

Organisation von Kondensaten zu erlangen und wir konnten dieses System nutzen, um 

zu untersuchen ob sHsps das molekulare Altern durch bestimmte PPIs verhindern.  

Durch domain swap Konstrukte and SNAP Fusion Konstrukte konnten wir zeigen, dass 

HspB8 hauptsächlich mittels seiner Intrinsically Disordered Region (IDR) in vitro in FUS 

Kondensate und in vivo in SGs partitioniert. Ferner zeigen wir, dass HspB8 über eine 
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Interaktion der Arginine innerhalb der IDR mit den Tyrosinen der Low-Complexity domain 

(LCD) von FUS die Partitionierung in FUS Kondensate ermöglicht. Dadurch bringt HspB8 

seine αCD in die Tropfen, die im Wesentlichen für die Chaperone Funktion verantwortlich 

ist, aber selbst nicht in die FUS Kondensate partitionieren kann. Diese Ergebnisse zeigen, 

dass HspB8 sich in die molekulare Organisation von FUS integriert und dass auch in 

Kondensaten bestimmte Funktionen an spezifische Domänen gekoppelt sind. Diese 

Ergebnisse sind in Einklang mit unseren Cross-link Daten, die zeigen, dass HspB8 

innerhalb der Kondensate mit der FUS RNA Binding Domain (RBD) und der LCD 

interagiert, wobei ausschließlich die Interaktion zwischen HspB8:αCD und FUS:RRM  

spezifisch für den kondensierten Phasenzustand ist. Verallgemeinert gesprochen deuten 

unsere Daten an, dass zelluläre Organisationsstrukturen, wie spezifische Domänen-

Interaktionen auch innerhalb von Kondensaten eine Rolle spielen.  

Im Weiteren konnten wir durch zeitlich aufgelöste qXL-MS zeigen, dass die RRM 

konformationelle Veränderungen sowohl im kondensierten Zustand als auch während der 

Fibrilierung vollzieht.  

In weiteren Experimenten haben wir das Altern von FUS näher untersucht. Durch 

Messung von Eigenschaften, wie Material Übergang zwischen beiden Phasen und 

Tropfen Koaleszenz konnten wir beweisen, dass HspB8 die flüssigkeitsähnlichen 

Eigenschaften von FUS bewahrt und dadurch das Aushärten der FUS Kondensate und 

die Fibrilierung vollständig verhindert. Wir zeigen ferner, dass die Entfaltung der RRM eine 

treibende Kraft für das Altern von FUS ist und dass die Interaktion der αCD mit der RRM 

die zur Aggregation neigenden RRM stabilisiert und damit entscheidend für den 

schützenden Effekt von HspB8 ist. Diese neuen Erkenntnisse rücken die bisher nicht im 

Fokus stehende RRM weiter in das Zentrum der Forschung über das molekulare Altern 

von FUS.  

In anderen Experimenten zeigen wir, dass eine HspB8 Mutante, die mit der Charcot-Marie 

Tooth Krankheit in Verbindung steht (eine derzeit nicht heilbare dominant autosomale 

Erkrankung des peripheren Nervensystems), das Altern von FUS nicht verhindern kann. 

Weiter zeigen wir, dass diese Mutante einen dominant negativen Effekt gegenüber dem 

WT aufweist. Dieser Effekt kann durch unsere Cross-link Daten erklärt werden, da sie ein 

stärker ausgebildetes Interaktionspattern der Mutante im Vergleich zum WT aufzeigen 
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und Veränderungen innerhalb der RRM – verursacht durch die Mutante – andeuten. 

Unsere Daten weisen daher daraufhin, dass die HspB8 Mutante im Gegensatz zum WT, 

nicht in der Lage ist, die RRM von FUS zu stabilisieren und damit den dynamischen 

Zustand von FUS nicht aufrechterhalten kann. Ferner deuten sie and, dass die Mutante 

durch stärkere Bindung an FUS, den schützenden Effekt des WT verhindert.  

 

In dieser Studie haben wir basierend auf einer Vielzahl von experimentellen Beweisen die 

molekularen Mechanismen des HspB8-inhibierten Alterns von FUS Kondensaten enthüllt. 

Auf diesem Hintergrund schlagen wir einen generellen Mechanismus vor, bei dem sHsps 

unter Stressbedingungen den aberranten Phasen Übergang innerhalb von Kondensaten 

verhindern, indem sie zur Aggregation neigende gefaltete Domänen stabilisieren.  

Zusammenfassend zeigen wir, dass XL-MS in der Lage ist, PPIs innerhalb rekonstruierter 

Kondensate zu untersuchen, sowie dass man mit qXL-MS Protein Dynamiken innerhalb 

der Kondensate und während des molekularen Alterns verfolgen kann. Dies wird in 

Zukunft den Weg für ein tieferes molekulares Verständnis von Kondensaten bereiten.  

Im Weiteren konnten wir den molekularen Mechanismus, wie HspB8 das Altern von FUS 

verhindert aufklären und dabei beweisen, dass dies über eine kondensat-spezifische PPI 

passiert. Diese Ergebnisse deuten ferner einen allgemeinen Mechanismus an, bei dem 

gefaltete Domänen innerhalb von Kondensaten stabilisiert werden, um das Aushärten der 

Kondensate zu verhindern.  

 

 

.  
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General introduction 

The present thesis comprises three individual studies dealing majorly with cross-linking 

mass spectrometry (XL-MS) and its application to different biological questions. During 

cross-linking of proteins, covalent bonds are introduced between spatially close functional 

groups and the resulting interconnected peptides can be detected by MS. The information 

can be used to gain insights into the interaction principles of proteins and in many cases 

facilitates modelling of protein complexes on a low-resolution scale or adds missing 

information to existing high-resolution structures. An additional tool is the quantification of 

cross-links (qXL-MS) which can be used to structurally probe dynamic changes of 

proteins.  

In the first study of the thesis interaction sites within three different Hsp26:Substrate 

complexes were investigated by XL-MS and dynamic changes while Hsp26 activation and 

substrate binding were assessed by time-resolved qXL-MS. 

In the second study the current limitation of proteome-wide cross-linking on high-abundant 

proteins was analyzed. Here, existing studies were mapped onto proteome-wide 

abundance distributions and a kinetic model was built to explain the cross-link formation 

within a cell lysate. In the experimental part the influence of the cross-linker concentration 

on the formation of cross-links at low abundant proteins was investigated in vitro and in a 

eukaryotic cell lysate.  

In the third study XL-MS and qXL-MS were applied to structurally investigate molecular 

condensates built by the protein FUS (Fused in Sarcoma) and a small heat-shock protein 

HspB8. Here, the interaction of both proteins in the dilute and condensed state was 

studied to gain a molecular understanding on how proteins assemble within condensates. 

Furthermore, the disease-related condensate hardening process and its inhibition by 

HspB8 was studied with a strong emphasis on the role of the folded RNA recognition motif 

within this process.  
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Manuscript 1:  

Probing Hsp26 activation and substrate binding by quantitative cross-

linking mass spectrometry 

          Julius Fürsch, Carsten Voormann, Kai-Michael Kammer and Florian Stengel 

Abstract 

Small heat-shock proteins (sHsps) belong to the fundamental pillars of the cellular stress 

response in all species. Their best described function is the binding of early unfolding 

states thereby preventing protein aggregation. For many sHsps it was shown that they 

exist as polydisperse oligomers which undergo changes in subunit composition, folding 

and relative distribution as response to heat activation. To date there is only an incomplete 

picture on how sHsps bind substrates and mediate substrate specificity. Furthermore, the 

structural mechanistic of activation and substrate binding is only poorly understood.  In 

this study we have applied cross-linking mass spectrometry (XL-MS) and time-resolved 

quantitative XL-MS (qXL-MS) to gain structural information on the activation mechanism 

and substrate binding of yeast Hsp26. Our cross-link data reveal three binding sites within 

Hsp26, located in the middle domain (part of the N-terminal domain), alpha crystalline 

domain and C-terminal extension, with the middle domain being the most prominent one.  

On the substrate level, the binding sites were primary located C-terminal in three different 

Hsp26:Substrate complexes, despite of lacking any obvious similarities between the 

substrate proteins in that regions. This indicates a binding mechanism during that Hsp26 

does not recognize general binding sites with distinct physico-chemical properties but 

rather adopts itself on the oligomeric level to allow recognition of a multitude of protein 

regions by roughly the same interaction motifs. In that context we could as well show by 

a combination of cross-linking and gel filtration that Hsp26 switches to a strongly dispersed 

and heterogeneous ensemble of primary smaller oligomers under heat-shock conditions. 

Using qXL-MS we observed changes within nearly all parts of Hsp26 during both heat 

activation and substrate binding, although the most striking effects were associated with 

the middle domain. Based on our cross-link identification and quantification results we 

conclude that the middle domain of Hsp26 plays a key role during activation and complex 

formation. 
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Introduction 

Chaperones 

Correct folding is critical for the functionality of proteins and many cellular processes. Even 

though information for the three-dimensional arrangement is coded within the amino acid 

sequence of a polypeptide chain  -  and many small proteins are indeed able to fold 

spontaneously in a test tube (Anfinsen, 1973; Anfinsen et al., 1961) -  this information is 

not sufficient for many larger proteins and oligomers to fold correctly (extensively reviewed 

in Jaenicke, 1982). Under in vivo conditions the assistance of molecular chaperones is 

crucial to avoid aggregation and to keep proteins in a dynamic state (reviewed in Hartl, 

1995; reviewed in Hartl et al., 1994; Schröder et al., 1993). Our current knowledge sees 

protein folding as a stepwise process forming partially folded intermediates on the way to 

the native lowest-energy structure (Arai & Kuwajima, 1996; reviewed in Bartlett & Radford, 

2009; Batey et al., 2006; Becker, 1997; reviewed in F. Ulrich Hartl & Hayer-Hartl, 2009). 

These intermediates can be kinetically trapped and therefore often need the help of the 

chaperone system to reach to their native (i.e. lowest energy) state (Dahiya and 

Chaudhuri, 2014, 2013). Furthermore, these partially folded or misfolded intermediates 

tend to aggregate,  often resulting in the formation of toxic amyloids or amyloid-like 

structures which can lead to different neurodegenerative diseases (Bolognesi et al., 2010; 

reviewed in Chiti & Dobson, 2006; Eichner et al., 2011). Here, a functioning chaperone 

system is essential for health and chaperones play a role as promising targets  for 

therapeutics (Hartl et al., 2011).  

Today, chaperones are divided based on their molecular weight into small heat-shock 

proteins (sHsps), Hsp40, Hsp60 (chaperonins), Hsp70, Hsp90 and Hsp100 (Hartl et al., 

2011).  

Small heat-shock proteins 

sHsps are highly conserved in all species, but vary in their size, ranging between 15 to 

40 kDa. Some are ubiquitously found and others are expressed tissue-specifically 

(reviewed in Garrido et al., 2012; Kriehuber et al., 2010; Vierling, 1997).  

In principle sHsps protect non-native proteins from irreversible aggregation by binding 

early unfolding states and holding them in a refolding competent state (Horwitz, 1992; Lee 
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et al., 1997). This allows  for spontaneous folding under physiological conditions or 

refolding once the substrate is transferred to other ATP-consuming chaperones 

(Ehrnsperger et al., 1997; Jakob et al., 1993; Mogk et al., 2003; reviewed in Strauch & 

Haslbeck, 2016). Under severe and long-term stress conditions sHsps also store proteins 

in aggregates which are accessible for recycling processes (reviewed in Liberek et al., 

2008). Additionally, several other functions, as keeping up protein homeostasis or 

preventing amyloid formation are described for sHsps (Haslbeck et al., 2004a; Hochberg 

et al., 2014).  

sHsps consist of a highly conserved alpha-crystallin domain (αCD), a moderately 

conserved C-terminal extension (CTE) and a largely unfolded N-terminal domain (NTD) 

(Caspers et al., 1995; reviewed in Haslbeck et al., 2016; Kriehuber et al., 2010). One 

common structural and functional feature of nearly all sHsps is the formation of oligomers 

of various size (reviewed in Haslbeck & Vierling, 2015). Whereas the αCD mediates the 

formation of the dimeric building block, the NTD and CTE are crucial for oligomerization 

(Bagnéris et al., 2009; Braun et al., 2011; Lentze and Narberhaus, 2004; Van Montfort et 

al., 2001; Thampi and Abraham, 2003). In the case of most sHsps, a set of higher order 

oligomers coexists under physiological conditions and environmental conditions 

(temperature, pH or phosphorylation) induce a switch into an activated form with increased 

substrate binding affinity and chaperone activity (Fleckenstein et al., 2015; Peschek et al., 

2013, 2009). This activated form is often associated with the formation of smaller 

oligomeric species, which in many cases have been shown to bind substrates rather than 

large oligomers (reviewed in Haslbeck et al., 2019). However, for some sHsps it was also 

demonstrated that oligomeric expansion increases substrate affinity (McHaourab et al., 

2012; Mishra et al., 2018; Shi et al., 2013). Following substrate binding even larger 

sHsp:Substrate complexes are formed (Haslbeck et al., 1999; Stengel et al., 2010; 

Stromer et al., 2003). Due to the non-conserved character of both NTD and CTE and their 

role for oligomerization, it is hypothesized that substrate specificity is mediated by these 

domains (Bova et al., 2000; Treweek et al., 2007). However, most of the published work 

points to the NTD as main substrate binding domain (Basha et al., 2006; Moutaoufik et 

al., 2017; Rutsdottir et al., 2017), which could also be confirmed by the first high-resolution 

structure of a sHsp:Substrate complex in 2017 (Sluchanko et al., 2017). Despite of this, in 
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this crystal structure the αCD has substrate contact as well. Moreover, in other studies it 

was even demonstrated that the αCD on its own is able to bind substrate proteins 

(Hochberg et al., 2014; Mainz et al., 2015). Other studies reported involvement of all three 

domains (Lentze and Narberhaus, 2004; Studer et al., 2002; Ungelenk et al., 2016), 

pointing to a divers binding mechanism depending on the specific substrate and sHsps 

involved. In summary, the molecular basis of how different sHsps bind various substrates 

is still not fully understood. The key question here is, if substrate specificity is mediated by 

the structurally heterogeneous oligomeric population or rather via specific substrate-

dependent interfaces. Most likely, both mechanisms contribute to the broad substrate 

specificity of sHsps.    

Hsp26 

The yeast genome encodes only two sHsps: Hsp42 and Hsp26. Whereas Hsp42 is a 

general and promiscuous chaperone responsible for protein homeostasis under 

phycological and stress conditions, Hsp26 is only expressed under stress conditions 

(Haslbeck et al., 2004a; Susek and Lindquist, 1990). Furthermore, it has been shown that 

Hsp42 sequesters unfolded proteins into aggregates, while Hsp26 binds non-native 

substrates after heat-activation and mediates refolding by other chaperones (Haslbeck et 

al., 1999; Specht et al., 2011; Ungelenk et al., 2016). 

Under physiological conditions Hsp26 exists as large oligomer of around 550 kDa (Bentley 

et al., 1992). In later studies Hsp26 was characterized as a 24mer under normal conditions 

which switches its equilibrium to form dimers under heat-shock conditions. This resulted 

in the hypothesis that the dimer is the active form involved in substrate binding (Haslbeck 

et al., 1999), even though it was as well shown that substrate binding leads to the 

formation of even larger protein assemblies (Stromer et al., 2003). A cryo-EM structure 

revealed the coexistence of two structurally divergent 24mers and hinted at the potential 

existence of further conformationally distinct assemblies, potentially indicating  that Hsp26 

could exist as an ensemble of various oligomers (White et al., 2006). This notion was 

supported by a study that showed that dissociation of Hsp26 into dimers and subunit 

exchange is not absolutely essential for chaperone activity (Franzmann et al., 2005). Even 

more, it was shown that subunit exchange is far too slow to be able to react to rapid 

substrate denaturation. These results triggered the hypothesis that Hsp26 activation is 
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caused by a conformational rearrangement within the oligomer itself, which forces it from 

a low to a high affinity state. And it was subsequently shown that Hsp26 indeed exists as 

polydisperse ensemble of oligomers (Benesch et al., 2010). Using native MS it was 

demonstrated that under normal conditions multiple oligomers between 24-42 subunits 

coexist in similar amounts. Under heat-shock conditions however, the authors observed 

the dissociation of the Hsp26 oligomer into dimers as well as other oligomeric species. 

Remarkably, these oligomers were shifted towards even higher molecular masses, 

composed of 32-44 subunits, with the 40mer being the far most abundant. Additionally, 

the authors determined subunit exchange rates indicating that at higher temperatures the 

same oligomers can exist with different exchange kinetics possibly due to divergent 

folding. 

In summary, these studies draw a complex picture in that a broad range of highly dynamic 

oligomers of various size – and potentially folding variants – as well as dimeric Hsp26 

constitute the active species. Most likely this complexity accounts for the broad substrate 

specificity, but a detailed substrate binding mechanism has not been identified so far.  

In contrast to other sHsps, Hsp26 has a remarkably long NTD (1-95) which is further 

subdivided into a N-terminal part (1-30) and a middle domain (MD, 31-95) (Haslbeck et 

al., 2004b). The N-terminal part was shown to be responsible for the stability of the 

oligomer and the Hsp26:Substrate complex, even though a deletion mutant (Δ1-30 Hsp26) 

was able to bind substrate and still showed chaperone activity. In contrast, deletion of the 

whole N-terminal domain (1-95) impedes the formation of oligomers and fully abolishes 

chaperone activity, demonstrating the relevance of the MD for oligomerization and 

substrate recognition (Haslbeck et al., 2004b). Using a FRET assay Franzmann and 

coworkers showed in 2008 in an elegant fashion that the middle domain undergoes a 

structural rearrangement on the level of its tertiary structure upon heat activation 

(Franzmann et al., 2008). They concluded that the middle domain is a “thermosensor” 

responsible for the switch of the oligomer into its high affinity state. Furthermore, they 

could show one more time that subunit exchange is not a precondition for chaperone 

activity, supporting the by now established hypothesis that the oligomeric species are 

mainly contributing to the chaperone activity of Hsp26 while substrate recognition itself is 

based on the intrinsic conformational flexibility of the MD.  
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Despite of these findings, it was shown that the CTE (195-213) participates as well in 

oligomerization and therefore in chaperone activity since a deletion mutant (30-195) was 

only capable of dimerization (Franzmann et al., 2008). Furthermore, the CTE gains 

increased flexibility under elevated temperatures (Benesch et al., 2010) and for both the 

CTE as well as αCD it was shown that they interact with the substrate (Ungelenk et al., 

2016) . In another study it was also demonstrated that MD and CTE play a role in 

dimerization of the αCD which is only monomeric in an isolated form (Chen et al., 2010).  

Here, the conserved IXI motif within the CTE was essential. Taken together, the current 

state of knowledge indicates that MD, αCD and CTE work together to form functional 

oligomers and realize chaperone activity. 

The yeast refolding machinery Ydj1/Ssa1 and Hsp104 

In Saccharomyces cerevisiae Hsp104 acts together with the Hsp40/Hsp70 (Ydj1/Ssa1) 

system to refold partially denatured substrates and even already strongly aggregated 

proteins. The ATP-dependent cooperation of all three chaperones is mandatory since a 

single component is often not able to perform efficient refolding (Glover and Lindquist, 

1998). In 2005 it was shown by two closely related publications that the refolding activity 

of the Hsp104/Ydj1/Ssa1 system is further enhanced when denatured substrates are 

previously bound by Hsp26 (Cashikar et al., 2005; Haslbeck et al., 2005). Both studies 

concluded that Hsp104 most likely contains a disaggregase activity that takes over the 

aggregated substrate from the Hsp26:Substrate complex before passing it on to 

Hsp40/Hsp70 for refolding. Additionally, it was demonstrated that Hsp26:Substrate 

complexes differ in morphology depending both on the ratio of substrate to Hsp26 and the 

level of aggregation. Soluble complexes with high Hsp26 excess and only partially 

misfolded substrate refold spontaneously or with the help of Ydj1/Ssa1. In case of excess 

of strongly denatured substrate – which likely reflects more the in vivo situation – an 

insoluble Hsp26:Substrate complex forms which requires the additional help of Hsp104 

for efficient refolding by Ydj1/Ssa1. Although the functional connection of the four 

chaperones is well described, nearly no structural data on how these proteins interact are 

available to date.  
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Cross-linking mass spectrometry 

Cross-linking coupled to mass spectrometry (XL-MS) is a powerful tool to identify protein-

protein interactions (PPIs) and binding sites within single proteins or protein complexes 

(extensively reviewed by Yu & Huang, 2018). The general principle is to introduce covalent 

bonds between amino acids in proximity. The samples are measured in a bottom-up 

MS/MS experiment and cross-linked peptides are identified by specific software tools 

(reviewed by Piotrowski & Sinz, 2018). In the last decade the technique has made 

remarkable progress by the development of multiple cross-linking agents (Arlt et al., 2016; 

Kao et al., 2011; Rinner et al., 2008), enrichment methods (Fritzsche et al., 2012; Leitner 

et al., 2012; Steigenberger et al., 2019) and software tools that have enabled studies on 

a wide range of proteins (reviewed by Piersimoni & Sinz, 2020). While XL-MS has become 

an established part of the proteomic toolbox in case of recombinant proteins or samples 

of moderate complexity, highly complex samples and proteome-wide XL-MS experiments 

are still challenging (Fürsch et al., 2020). 

Quantitative cross-linking mass spectrometry 

Relative changes in cross-linking as probed by quantitative XL-MS (qXL-MS) can provide 

a structural understanding of protein dynamics (Patel et al., 2017b; Sailer et al., 2018; 

Walker-Gray et al., 2017; Yu and Huang, 2018). 

These changes in cross-link abundances can be assessed by a variety of techniques and 

software tools. As for standard quantitative proteomics, label-free quantification, isotope-

labelling quantification, reporter-ion based quantification, targeted mode and Data-

Independent-Acquisition are now available for cross-link quantification (Chavez et al., 

2016; Müller, Kolbowski, et al., 2019; Walzthoeni et al., 2015; Yu et al., 2016). However, 

the interpretation of quantitative XL-MS data remains challenging because multiple factors 

as distance, reactivity, accessibility and steric hindrance as well as network effects can 

result in abundance changes.  

In this work we applied XL-MS to the Hsp26:Substrate complex using three well 

characterized model substrates (luciferase, malate dehydrogenase and glutamate 

dehydrogenase). While we identified binding sites within all three domains of Hsp26  -  

MD, αCD and CTE, which were also very similar for all investigated substrates, the MD 
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showed by far the most inter-links indicating that this domain comprises the main substrate 

binding site. All three substrates interacted primarily via their C-terminal regions, despite 

of lacking obvious similarities in sequence or amino acid composition within this regions, 

hinting to the possibility that Hsp26 regulates substrate specificity by structural 

rearrangements rather than recognizing general binding sites with distinct physico-

chemical properties. This is in accordance with another experiment in that we show by a 

combination of cross-linking and gel filtration that Hsp26 switches from one broad 

oligomeric peak to a smaller and more dispersed oligomeric ensemble as well as to the 

dimeric building block when heat-activated, indicating that smaller oligomers at least 

partially belong to the Hsp26 active species.   

Furthermore, we have applied time-resolved qXL-MS to follow changes in the overall 

cross-linking pattern within Hsp26 during the switch from its inactive to its active state as 

well as while the formation of the Hsp26:Substrate complex. During the Hsp26 activation 

process we show that the most consistent and prominent changes occur for cross-links 

involving the MD, indicating a structural change within this domain. In absence of a 

substrate, intra-links within the MD remained unchanged and most of the MD-αCD cross-

links were strongly and consistently increased. In presence of substrate however, all MD 

and many MD-αCD cross-links were decreased. This contrary behavior could be 

explained by the interaction of the substrate protein and would thus be further support for 

the crucial role of the MD during substrate recognition and formation of the 

Hsp26:Substrate complex.  

We as well applied XL-MS to investigate the chaperone-mediated refolding process of a 

substrate which was previously captured by Hsp26. Here we could identify interactions 

sites within the refolding machinery and show that the chaperone interaction is necessarily 

dependent on the presence of a denatured substrate.  
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Results 

Hsp26 interacts with different substrates via the MD within its NTD 

Since the molecular basis of substrate interaction for Hsp26 remains far from being fully 

understood, we aimed to uncover the interfaces of Hsp26 with its denatured substrates by 

XL-MS. In order to do so, Hsp26 was recombinantly expressed and purified in E. coli 

(Figure S1A). 

After testing activity of Hsp26 and defining suitable reaction conditions leading to complex 

formation (Figure S1B to D), we cross-linked Hsp26 in presence of luciferase, malate 

dehydrogenase (MDH) and glutamate dehydrogenase (GDH) at 30°C and under heat-

shock conditions (Figure 1 A+B). Cross-linking was performed using H12/D12-

Disuccinimidyl Suberate (DSS) for 1 min or 5 min, the reaction was stopped by snap-

freezing in liquid nitrogen and chemical quenching while thawing. The short cross-linking 

times were chosen to guarantee that the Hsp26:Substrate complex does not aggregate 

as response to longer cross-linking times. In a preliminary experiment we made sure that 

these short cross-link times are sufficient to obtain cross-linking yields comparable to 

conventional cross-linking times (Figure 1B, lower right panel). 

The cross-linking results clearly demonstrate a heat-dependent interaction, as we never 

detected any inter-links at 30°C (Figure 1B). Under heat-shock conditions however, we 

identified highly similar inter-link patterns in all three complexes (Figure 1A). Hsp26 

interacts with all substrates via two lysines in the MD (K45, K50) and two lysines within 

the αCD (K145, K151). Additionally, in case of Luciferase and MDH there is a third binding 

site within the CTE (K195). The binding sites within the substrates are predominantly 

C-terminal with a second N-terminal interface, at least in case of Luciferase and MDH. By 

sequence alignment and calculation of hydrophobicity within the last 50 AA, we could not 

observe any obvious similarities or increased hydrophobicity (in comparison to full length 

sequence) between the three C-terminal interaction regions within the substrates. These 

results suggest a substrate-binding mechanism that involves all three domains of Hsp26 

with the MD as major binding site. Furthermore, the data indicate that Hsp26 does not 

recognize general binding sites with similar physico-chemical properties within substrate 

proteins rather is capable of adapt itself structurally to recognize various sequence 
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elements. We also identified several dimeric intra-links (cross-links with overlapping and 

unique sequence) within MD, αCD, CTE and even between CTE and αCD which is 

expected considering the oligomeric nature of Hsp26. Interestingly, the lysines involved in 

these dimeric links are often also involved in inter-links with the substrate proteins. This 

could mean that subunit-subunit interaction is potentially carried out by regions which are 

as well close to substrate interacting parts of the protein.  
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Figure 1: Interaction sites within three Hsp26:Substrate complexes: (A) Hsp26 was mixed with three 

different substrates and incubated under heat-shock conditions. After cross-linking the reaction was stopped 

by snap-freezing in liquid nitrogen and quenched chemically while thawing. The shown cross-links of three 

Hsp26:Substrate complexes each one stem from triplicates (see methods for details). Hsp26 and luciferase 

(upper left panel) were heated at 40°C for 40 min and cross-linked for 5 min at 40°C in three independent 

experiments. Hsp26 and malate dehydrogenase (MDH, upper right panel) were heated either at 45°C for 

90 min or 47°C for 20 min and cross-linked for 5 min or 1 min at the same temperature in three independent 

experiments. Glutamate dehydrogenase (GDH, lower left panel) was incubated at 55°C for 20 min, 40 min 

and 60 min and cross-linked for 5 min at the same temperature within a single experiment. (B) Hsp26 was 

incubated at 30°C with luciferase, MDH or GDH and cross-linked for 5 min at the same temperature. For all 

three substrates the 30°C condition was at least tested in two independent experiments (see methods for 

details). Lower right panel: Hsp26 and MDH were incubated at 30°C for 20 min and cross-linked for 1 min, 

5 min or 30 min.  
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Figure S1: Test of conditions for Hsp26:Substrate complex formation by aggregation and inactivity 

assay: (A) SDS-Gel of purified Hsp26. Lane 1: Tag removal after Ulp1 cleavage by a second Ni-IDA affinity 

purification. Lane 2: Tag removal after Ulp1 cleavage by size-exclusion chromatography (SEC). Lane 3: Tag 

removal after Ulp1 cleavage by a second Ni-IDA affinity purification and consecutive SEC. Since SEC was 

more efficient, tag removal was regularly done by a single SEC step after affinity purification. (B) We 

optimized conditions for the formation of stable Hsp26:Substrate complexes by varying temperature and 

incubation time in an aggregation assay (light scattering) and inactivation assay. Aggregation assay of 

malate dehydrogenase (MDH) and Hsp26 at 45°C. Five times molar excess Hsp26 (2.5 µM Hsp26 and 

0.5 µM MDH, dimer:dimer) or 10 times molar excess (5 µM Hsp26) were used (left panel). We observed 

that Hsp26 fully avoids MDH aggregation over 20 min, after that the Hsp26:MDH complex also starts to 

aggregate slightly while stronger aggregation starts after 40 min. We also observed that a 10:1 molar ratio 

of Hsp26 to MDH increases stability of the complex over a 5:1 ratio. Aggregation assay of MDH and Hsp26 

at 47°C with 2.5 µM Hsp26 dimer and 0.5 µM MDH dimer (middle panel), here the Hsp26:MDH complex 

was stable over 30 min at a 5:1 molar ratio. Inactivity assay of MDH at 47°C (right panel), full inactivation 

was achieved after 20 min. (C) Aggregation assay of glutamate dehydrogenase (GDH) and Hsp26 at 45°C 

with 2.5 µM Hsp26 dimer and 0.5 µM GDH monomer (left panel) showing aggregation of GDH in 60 min 

and complete rescue by Hsp26. This incubation condition (45°C) was however not sufficient to inactivate 

GDH (lower left panel) since the NADH conversion of GDH was not affected. The difference to the 

aggregation assay possibly originates from the different heating methods in the assays (see methods for 

details). Because cross-linking was done in a Thermomixer as the inactivity assay, we went on to test higher 

temperatures and observed that 55°C is a temperature suited to fully inactivate GDH over a practicable time 

span (lower right panel). We still observed rescue of GDH Aggregation by Hsp26 at 55°C (upper middle 

panel) and at 53°C (upper right panel) whereas GDH formed larger aggregates at 55°C which rapidly sank 

down leading to signal decrease after full aggregation and the Hsp26:GDH complex aggregated partially 

after 10 min. (D) Aggregation assay of Luciferase and Hsp26 at 40°C with 2.5 µM Hsp26 dimer and 0.5 µM 

Luciferase monomer (left panel) or 1.25 µM Luciferase monomer (middle panel). Luciferase was fully 

rescued from aggregation by Hsp26 at 40°C for 50 min in a 5:1 molar ratio as well as in a 2:1 molar ratio. 

Inactivity assay of Luciferase at 39°C and 40°C (right panel) showing full inactivation at 40°C after 50 min.  
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Monitoring changes of Hsp26 during heat-induced activation  

In a next step we aimed to gain more insights into the molecular underpinnings that cause 

Hsp26 to switch from an inactive to an active state and into potential intra-molecular 

rearrangements during the process of substrate binding. In order to follow the dynamic 

changes occurring during heat activation and substrate binding, we cross-linked aliquots 

of Hsp26 on its own or in presence of a substrate at 30°C and at different time points while 

heat incubation.  

 

Figure 2: Quant XL-MS time course experiment: Hsp26 was incubated in absence and presence of a 

substrate at 30°C (low affinity state) before heat-incubated at 45°C or 47°C to initiate the stepwise 

transformation into the high affinity state as well as the formation of a Hsp26:Substrate complex.  

After heating Hsp26 or the Hsp26:Substrate complex were cooled down and the refolding proteins Hsp104, 

Ydj1 and Ssa1 were added to allow refolding. Aliquots for cross-linking were taken at 30°C, during heat 

incubation and refolding. Cross-linking was performed for 5 min at 45°C and for 1 min at 47°C. Changes 

while heat incubation were quantified relative to the low affinity state. 
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Middle domain of Hsp26 is the key player in Hsp26 activation 

Figure 3 and Figure S3 show the changes in cross-linking pattern of Hsp26 during heat-

induced activation in the absence or presence of the substrate protein MDH. We observed 

changes in the cross-link abundances in all domains of Hsp26 during heat activation of 

Hsp26 alone as well as in presence of substrate. In case of Hsp26 alone many cross-links 

between MD and αCD were increased. In particular, the MD formed a cluster of increased 

cross-links with the first lysines of the αCD. Additionally, there were two increased cross-

links between the MD and CTE and one increased link between the N-terminus and CTE. 

The increase of many MD associated links while Hsp26 activation hints strongly to 

structural changes involving the MD and therefore to a crucial role of this part for the 

transition into the high affinity state.  

In presence of substrate we observed that the MD-αCD cross-links were decreased, which 

is a clear contrast to the data of Hsp26 on its own. In addition, both lysines of the MD 

formed two unambiguous dimeric intra-links (K45-K45 and K50-K50) which were strongly 

decreased whereas these links were not changed in the Hsp26 alone experiments. The 

decrease of the MD-αCD links and the MD dimeric links could principally be explained by 

substrate binding itself and further supports the importance of the MD for substrate 

binding.  

As in the Hsp26 alone samples the αCD showed a mixed population of increased and 

decreased links in presence of substrate but only one equal cross-linking site was 

changed in the same direction (K117-K151). Furthermore, with substrate we detected one 

decreased dimeric intra-link within the αCD (K145-K145) connecting a lysine which also 

undergoes substrate interaction (Figure 1A) and for the same lysine another decreased 

αCD intra-link (K145-K157) was detected. Interestingly, the decreased links between MD 

and αCD all include lysines that are also involved in substrate binding (K45, K50, K145 

and K151). Moreover, three links bridging the αCD and the CTE were decreased, again 

including a lysine that is also involved in substrate binding (K195). This is another 

difference to the sample comprising Hsp26 on its own, here we identified one decreased 

link and one increased link between αCD and CTE.  

The decreased intra-links and particularly the dimeric ones concerning lysine K45, K50, 

K145, K151 and K195 which all have been identified as substrate binding sites (Figure 
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1A) could be explained by the substrate binding itself and could thus be interpreted as 

further evidence for their participation in substrate binding.  
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Figure 3: Mechanistic insights into Hsp26 activation: Global protein-wide analysis of cross-link 

quantification for Hsp26 in absence of substrate. Plotted is the log2 ratio of all high-confidence cross-linking 

sites (see methods for details) for each heating time point versus the corresponding 30°C condition out of 

three biological independent experiments. Each of the three experiments comprised two or three heating 

time points leading to a possibly maximum of seven data points per cross-linking site. In experiment 1 Hsp26 

was heated at 45°C and cross-linked after 10 min and 30 min. In experiment 2 at 45 °C after 30 min, 60 min, 

90 min and in experiment 3 at 47°C after 5 min and 20 min. Cross-linking sites that were consistently up – 

or downregulated two-fold or more (log2ratio ≥ 1 or ≤ -1 and FDR ≤ 0.05) in at least two out of three biological 

replicate sets and in addition contained no opposing regulation in any replicate set as well as no opposing 

sign within the same experiment were considered significant and are highlighted with a green (enriched in 

heated state) or red background rectangle (decreased in heated state). All other changes in cross-linking 

abundances were considered insignificant and are shown on white background. The significance threshold 

of two-fold enrichment is indicated as dashed red lines. Cross-linking sites are sorted by domains. Data 

points with log2 ratio ≤ -1 or ≥ 1 and FDR > 0.05 were judged as insignificant change and were excluded 

from plotting. Cross-linking sites that were only identified in one experiment were filtered out and are not 

plotted. 
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Figure S3: Mechanistic insights into Hsp26 complex formation: Global protein-wide analysis of cross-

link quantification for Hsp26 in presence of malate dehydrogenase (MDH). Plotted is the log2 ratio of all 

high-confidence cross-linking sites (see methods for details) for each heating time point versus the 

corresponding 30°C condition out of two biological independent experiments. One of the experiments 

comprised two heating time points, the other one three heating time points leading to a possibly maximum 

of five data points per cross-linking site. In experiment 2 Hsp26 was heated in presence of malate 

dehydrogenase at 45 °C and cross-linked after 30 min, 60 min and 90 min and in experiment 3 at 47°C after 

5 min and 20 min. Cross-linking sites that were consistently up – or downregulated two-fold or more 

(log2ratio ≥ 1 or ≤ -1 and FDR ≤ 0.05) in two out of two biological replicate sets and in addition contained no 

opposing regulation in one experiment as well as no opposing sign within the same experiment were 

considered significant and are highlighted with a green (enriched in heated state) or red background 

rectangle (decreased in heated state). All other changes in cross-linking abundances were considered 

insignificant and are shown on white background. The significance threshold of two-fold enrichment is 

indicated as dashed red lines. Cross-linking sites are sorted by domains. Data points with log2 ratio ≤ -1 or 

≥ 1 and FDR > 0.05 were judged as insignificant change and were excluded from plotting. Cross-linking 

sites that were only identified in one experiment were filtered out and are not plotted. 
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Monitoring time-resolved dynamic changes within Hsp26 during heat-induced 

activation and Hsp26:Substrate complex formation 

Interestingly, if we now take a closer look at selected cross-linking sites and follow their 

changes in abundance in a more time-resolved manner during heat-induced activation 

(Figure 4A) and substrate binding (Figure S4A), we can see that the majority of changes 

is happening already during the first minutes of heat incubation. If a cross-linking site 

responded to the heat-shock, in all cases we observed an effect already at the first 

investigated time point meaning that even this condition was sufficient to partially initiate 

the activation of Hsp26. Only very few cross-linking sites also showed a stepwise increase 

or decrease comparatively to a dose-response curve.  

Hierarchical clustering of cross-link quantities allows to judge conformational similarities 

and differences on a global scale. Here, we show exemplary one of the quant time course 

experiments in absence and presence of the substrate MDH (Figure S4B+C). In the first 

place we see that the low activity (30°C) samples cluster separate from the heat-shock 

samples with and without substrate while the heat-shock clusters show high intrinsic 

similarities. Taken together a more global data representation by hierarchical clustering 

further clarifies that qXL-MS is indeed able to present differences between temperature-

dependent states of Hsp26. 
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Figures 4: Dynamic changes of selected Hsp26 cross-linking sites during heat induced activation: 

Relative change of unique cross-linking sites during heat-induced activation. Hsp26 was cross-linked in 

three independent experiments at 30°C and during heat-incubation. The relative amount of selected cross-

linking sites (log2 chromatographic MS1 area) during heat-induced activation is plotted versus the cross-

link abundance at 30°C. Only cross-linking sites are shown which have been judged as consistently and 

significantly changed in the global analysis (see Figure 3). Numbers of data points (n = 4, two replicates and 

heavy and light peptides) used for standard error calculation are shown.    
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Figure S4: Quantification of single cross-linking sites while stepwise formation of a Hsp26:Substrate 

complex: (A) Relative change of unique cross-linking sites during formation of the Hsp26:Substrate 

complex. Hsp26 was cross-linked in presence of malate dehydrogenase in two independent experiments at 

30°C and during heat-incubation. The relative amount of selected cross-linking sites (log2 chromatographic 

MS1 area) during heat incubation is plotted versus the cross-link abundance at 30°C. Only cross-linking 

sites are shown which have been judged as consistently and significantly changed in the global analysis 

(see Figure S3). (B) Hierarchical cluster of Hsp26 alone experiment 2 (see Figure 3). Samples are clustered 

regarding their similarities based on the log2 area of the cross-linking sites. (C) Hierarchical cluster of Hsp26 

in presence of malate dehydrogenase experiment 2 (see figure S3). 
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Cross-linking coupled to SEC illustrates shift to smaller oligomeric species  

We asked the question if cross-linking is indeed able to fix folding or oligomeric states that 

appear as intermediates or as consequence of activation. In our case we can easily switch 

Hsp26 in its active state by heat-shock. In previous studies it was shown that under heat-

shock conditions Hsp26 switches its equilibrium from the oligomeric state to the dimer 

(Haslbeck et al., 1999) and changes the distribution of oligomers to larger oligomers as 

well (Benesch et al., 2010). Furthermore, it was shown that the dissociation into dimers is 

not absolutely mandatory for chaperone activity (Franzmann et al., 2005).  

To study the oligomerization of Hsp26 with the help of cross-linking, we separated Hsp26, 

which was cross-linked either at 30°C or at 47°C by gel filtration (Figure 5A). At 30°C we 

observed a strong and symmetric peak at around 7.4 min retention time possibly 

accounting for the oligomeric fraction and a second weak peak at around 9.9 min retention 

time likely accounting for the dimeric building block. At 47°C we observed decomposing 

and shifting of the oligomeric peak into a broad and dispersed peak. The dispersed signal 

already starts to come up at around 6 min retention time and steadily increases over the 

course of elution. Additionally, there occurred a second stronger and more distinct peak 

constituting the dimeric fraction as proven by the denaturing gel (Figure 5B). The dimer 

band probably is weaker since the monomers were not completely cross-linked and 

therefore separated in the gel. The first broad peak comprises several higher molecular 

mass bands each one accounting for the next higher oligomeric state considering the 

monomer as 26 kDa building block. 

In the first place this experiment shows that heated and cross-linked Hsp26 also 

undergoes a strong change in subunit dispersity and composition including the well 

described dissociation into the dimeric building block. Furthermore, this experiment 

suggests that heat-activated Hsp26 occupies a multitude of various oligomeric states 

ranging from very large to smaller species with an emphasis on smaller oligomers. At 30°C 

this is not the case and Hsp26 exists as one oligomer or possibly as less dispersed mixture 

of larger oligomers.  
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Figure 5: Cross-linking fixes oligomeric states during heat-activation: Size-exclusion chromatography 

of cross-linked Hsp26. (A) Hsp26 was incubated at 30°C for 20 min and cross-linked at the same 

temperature for 5 min (black line) or incubated at 47°C for 20 min and cross-linked at the same temperature 

for 5 min (red line). (B) Two fractions of the 47°C sample were collected and analyzed by SDS-PAGE. 

The chaperones Ydj1, Ssa1 and Hsp104 form a substrate-dependent complex 

The chaperones Ydj1 (Hsp40), Ssa1 (Hsp70) and Hsp104 are well described to work 

together with the Hsp26:Substrate complex (Cashikar et al., 2005; Haslbeck et al., 2005) 

in order to refold denatured or misfolded substrates. However, the interaction sites within 

such a (potentially large and dynamic) refolding complex are basically unknown up to now. 

In this study we formed a Hsp26:Substrate complex by heat-shock, added the refolding 

machinery after cooling down to 30°C (see Figure 2) and cross-linked the mixture at 30°C 

in the course of refolding.  

The proteins were recombinantly expressed in E. coli and purified the same way as Hsp26 

(Figure S6A). To test for activity, all chaperones were monitored in a luciferase refolding 

assay (Figure S6B). In accordance with previous work we observed refolding activity of 

Hsp40/Hsp70 on its own and increased refolding activity if Hsp104 was also added (Glover 

and Lindquist, 1998). 

We first cross-linked Hsp40/Hsp70 without Hsp104 in absence and presence of luciferase 

(Figure 6A and B, left panel), either directly after the addition of refolders or after 30 min 

or 60 min at 30°C, respectively. We did not observe any inter protein cross-links in the 

absence of substrate, indicating that the interaction of Hsp40 and Hsp70 is dependent on 

the presence of substrate. Only in the presence of substrate we identified also inter protein 
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cross-links between all three chaperones (unfortunately, due to a stoichiometric 

underrepresentation of luciferase, we faced difficulties to detect luciferase cross-links after 

the addition of refolders). We find that Hsp26 appears to interact via its MD with Ydj1 and 

Ssa1 and additionally via its CTE with Ssa1, even though the relative scarcity of detected 

inter protein cross-links makes an unambiguous interpretation challenging. Even though, 

it is interesting that Ssa1 interacts via its substrate binding domain (SBD) directly with 

Hsp26 even in presence of a simultaneous Ydj1-Hsp26 interaction. Since we and others 

have shown that the MD is the main substrate binding domain, it is interesting to speculate 

that Hsp40/Hsp70 would also interact via this domain in order to take over the substrate. 

Remarkably, Ssa1 additionally targets the region within CTE which we have also revealed 

as substrate binding domain (Figure 1A). The detected interaction site of Ydj1 and Ssa1 

is located within the C-terminal domain (CTD) and the Zinc-Finger (ZnF) of Ydj1 as well 

as within the nucleotide binding domain (NBD) of Ssa1. Ydj1 interacts with Hsp26 also via 

ZnF and CTD domain emphasizing the important role of this region for substrate binding. 

In a next step we added also Hsp104 and cross-linked after 1.5 hours of refolding. In order 

to detect a comparable number of intra-links for each protein and to maximize the inter-

link yield at the same time, we tested different molar ratios of refolders to Hsp26:Luciferase 

complex. A similar molar ratio leads to protein-wide intra-link detection for all proteins, 

which is a good indicator to have reached a regime that also allows for trustworthy 

detection of inter protein cross-links. However, a higher ratio of refolders to 

Hsp26:Luciferase complex resulted in more inter-links within the refolding machinery but 

less intra-links within luciferase. Therefore, we combined the results of four conditions and 

allowed only links which have been identified in 2 out of 4 samples (Figure 6A, right panel). 

As control we used the same proteins and experimental workflow in absence of luciferase 

(Fig 6B, right panel) and in presence of MDH but without prior substrate denaturation 

(Figure 6B, left lower panel).  

The controls did not show any interaction sites confirming the results of the previous 

experiment and support out hypothesis that the formation of the refolding complex is 

indeed dependent on the presence of an unfolded substrate protein.  
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The overall inter-link yield in presence of substrate was low possibly due to an almost 

completed refolding process as well as a general low refolding activity. Thus, it is very 

difficult to draw valid conclusions on the interaction sites within the refolding complex. 

However, the detected inter-links indicate that Ydj1 interacts as well with the C-terminus 

of luciferase which we could identify as one of the binding sites within the Hsp26:Substrate 

complex in the previous experiments (Figure 1A). Additionally, we have observed 

interaction of Ydj1 and Hsp104 by its DnaJ domain, which could suggest that Ydj1 

interacts simultaneously with Ssa1 and Hsp104. Apart from that we detected a further 

interaction site of Ydj1 and Ssa1 far apart from the ZnF but as well within the ATPase 

domain of Ssa1.  
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Figure 6: Interaction of refolding machinery depends on an unfolded substrate: (A) Hsp26 was heated 

at 40°C for 40 min in presence of luciferase. After heat-shock the sample was cooled down to 30°C for 

20 min before the refolding chaperone system was added. The proteins were then further incubated at 30°C 

for 2 hours. Aliquots of the sample were cross-linked in the course of refolding and analyzed by LC-MS/MS. 

Left panel: 1 nmol Ssa1 monomer, 1 nmol Ydj1 dimer. Cross-linking was done directly after addition of 

refolders, after 30 min and 60 min. To increase relevance of inter-link detection, cross-links were only 

considered if they have been detected in 2 out of 3 time points with ld score ≥ 20, deltaS < 0.95 and ld 

score ≥ 25 as well as FDR < 0.05 in at least one condition. Right panel: 0.5, 1, 2 and 4 nmol Ssa1 monomer, 

Ydj1 dimer and Hsp104 monomer were cross-linked after 1.5 h refolding. Cross-links were only considered 

if detected in 2 out of 4 conditions (different refolder concentrations) with ld score ≥ 20, deltaS < 0.95 and ld 

score ≥ 25 in at least one condition. (B) Hsp26 was heated at 40°C for 40 min in absence of any substrate 

and refolding proteins were added after cooling down without Hsp104 (left upper panel) or in the presence 

of Hsp104 (right panel). Left upper panel: Cross-linking was done directly after addition of refolders, after 

30 min and 60 min incubation at 30°C. Cross-links were only considered if they have been detected in 2 out 

of 3 time points with ld score ≥ 20, deltaS < 0.95 and ld score ≥ 25 as well as FDR < 0.05 in at least one 

time point. Right panel: Cross-linking was done after 30 min incubation and only cross-links with 

ld score ≥ 25 and deltaS < 0.95 were considered. As further control, Hsp26 was incubated at 30°C for 40 min 

in presence of MDH, all refolding proteins were added, and one aliquot was cross-linked after 30 min 

incubation at 30°C. Only cross-links with ld score ≥ 25 and deltaS < 0.95 were considered (left lower panel). 
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Figure S6: SDS-Gel of all recombinantly expressed proteins and luciferase refolding assay: (A) SDS-

gel of purified Hsp26 and Ydj1 (left panel), Ssa1 (middle panel) and Hsp104 (right panel). All proteins 

were purified by Ni-IDA affinity chromatography, Ulp1 cleavage of Sumo-His Tag and Tag removal by size-

exclusion chromatography. (B) Luciferase refolding assay. 80 nM luciferase monomer was heat-inactivated 

in presence of 160 nM Hsp26 dimer, cooled down to 30°C and 1 µM (all monomeric, Ydj1 dimeric) refolding 

proteins Ydj1/Ssa1 or Ydj1/Ssa1+Hsp104 were added to initiate luciferase refolding. Since the mixture was 

constantly incubated over two hours without addition of fresh substrate, the overall luminescence decreases 

over time but is rescued by addition of refolding proteins (left panel). The signal of the control without 

refolders was subtracted (right panel).  
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Discussion 

In this study we have applied XL-MS to study the molecular basis of Hsp26 substrate-

binding as well as chaperone-mediated substrate refolding. We also monitored the heat-

induced activation process and complex formation by quantitative XL-MS during a time-

course experiment. Moreover, we have studied changes within the oligomeric state of 

Hsp26 by a combination of cross-linking and SEC. In another experiment, we investigated 

the interaction sites within a potentially even larger protein complex comprising the yeast 

refolding machinery.  

Our cross-linking data show that the MD (part of the NTD), αCD and CTE of Hsp26 all 

play a role in substrate binding, even though the MD appeared to be the most important 

region for substrate recognition. This is in line with previous studies (Haslbeck et al., 

2004b; Hochberg et al., 2014; Studer et al., 2002; Treweek et al., 2007; Ungelenk et al., 

2016).  

Up to now, it is not fully understood how sHsps bind substrates and mediate their broad 

substrate specificity (Dahiya and Buchner, 2019) and it is an open question whether this 

occurs due to their structural polydispersity or via exploiting different binding interfaces. 

Under one current hypothesis it is presumed that changes within the oligomeric state of 

Hsp26 and other sHsps (frequently associated with a tendency to form smaller species 

(often dimers)) leads to an exposure of the NTD, which is then the main substrate 

recognition site (reviewed in Haslbeck et al., 2019). On the other hand oligomeric 

expansion was as well reported to cause increased substrate binding and chaperone 

activity (McHaourab et al., 2012; Mishra et al., 2018; Shi et al., 2013). Since the NTD is 

mainly disordered, variable between species and assumed to be structurally flexible and 

dynamic (Haslbeck et al., 2019), it is likely that the NTD is able to adopt various 

conformations depending on sequence and oligomeric state, possibly being the driving 

force for broad and diverse substrate specificity.  

In this study we show that three different substrates interact with very similar regions within 

Hsp26 and that all three substrates have a binding site located within their respective 

C-termini, despite the lack of obvious similarities in that regions. Our data therefore 

indicates that the binding sites within Hsp26 are substrate-independent. Furthermore, the 
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data suggest that Hsp26 does not recognize sites with distinct physico-chemical 

properties within its substrates. It appears therefore rather likely that Hsp26 structurally 

adopts its quaternary state in order to be capable of binding a multitude of different 

substrate proteins. This could likely be enabled by the high structural polydispersity of 

activated sHsps.  

This kind of increase in polydispersity is as well indicated by our experiment involving 

cross-linking and SEC. Here, we heated cross-linked Hsp26, applied it to a gel filtration 

column and observed a drastic broadening of the originally symmetric oligomeric peak of 

Hsp26. This result demonstrates that cross-linking is able to fix oligomeric states, which 

were invisible in previous experiments (Haslbeck et al., 1999) and gives further support to 

the model which sees a change in oligomeric distribution and heterogeneity as crucial 

component of the activation process of sHsps (Benesch et al., 2010; Stengel et al., 2010). 

Although the previous studies only describe dissociation into dimers (Haslbeck et al., 

1999)  and a shift to larger oligomers (Benesch et al., 2010)  after heat-activation, it is well 

conceivable that Hsp26 adopts a broad range of oligomers covering dimers, smaller and 

higher order oligomers at the same time in order to regulate its activity and to allow wide 

substrate specificity.  

In a next step we implemented qXL-MS using shorter cross-linking times than usually 

employed (Iacobucci et al., 2019). This allowed us to follow the dynamic activation process 

of Hsp26 during heat stress and the stepwise formation of a Hsp26:Substrate complex on 

a structural level. Close monitoring of cross-link abundances revealed that this type of 

time-resolved qXL-MS experiment is able to detect significant changes in cross-linking 

patterns as response to heat-shock. This strongly suggests that there is a heat-dependent 

change on a structural level, potentially accounting for the switch into an active form as 

postulated previously (Franzmann et al., 2005). Moreover, although there are a number 

of studies demonstrating that qXL-MS is able to reveal structural rearrangements (Müller 

et al., 2019a; Sailer et al., 2018; Yu et al., 2019) this, to our best knowledge, is the first 

study which follows a biological process over time using qXL-MS.  

On a global protein-wide scale the most striking effect that was detected concerned cross-

links within the MD, since all cross-links bridging the MD and the αCD (and the CTE) were 

increased in the absence of substrate. This hints at an important role of the MD during 
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Hsp26 activation. Such an important role of the MD for the activation of Hsp26 was also 

demonstrated previously in a study which identified the MD as “thermosensor”, showing 

an intrinsic conformational change after heat activation (Franzmann et al., 2008). In 

contrast, in presence of substrate all MD associated intra-links (K45 and K50) were 

decreased, which further supports the notion that the MD comprises the major substrate 

binding site (because substrate binding itself likely caused the decrease in cross-link 

quantity). Additionally, other lysines involved in client binding (K145 (αCD) and K195 

(CTE)) also were decreased in presence of substrate. We also observed a noticeable 

effect for cross-links involved in αCD-CTE bridging (but not for CTE links) which were 

nearly unchanged without substrate and widely decreased with substrate. Therefore, the 

connection between CTE and αCD is also a likely contender to play a role in substrate 

binding. It has been reported that the CTE participates as well in the dimerization of the 

αCD (Chen et al., 2010), plays a role in oligomerization and is in close spatial proximity to 

the αCD (Bagnéris et al., 2009; Hochberg et al., 2014; Treweek et al., 2007). Taken 

together, our data suggest that all parts of Hsp26 are somehow involved in activation and 

substrate binding of Hsp26, but that the MD most likely undergoes significant structural 

changes during the transition into the active form of Hsp26 and is also mainly responsible 

for substrate binding. These results are supported by the fact that the long NTD and its 

subdivision into N-terminal part and MD is a special feature of Hsp26 compared to other 

sHsps (Haslbeck et al., 2004b; White et al., 2006). 

We also investigated the interaction of the refolding machinery, composed of Hsp104, 

Ssa1 (Hsp70) and Ydj1(Hsp40) with the Hsp26:Substrate complex. As we only observed 

inter protein cross-links between the chaperones in presence of an unfolded substrate, 

our data indicated that the formation of the refolding machinery is dependent on the 

presence of an unfolded substrate protein. However, due to issues as low refolding activity 

and low inter-link yield, this result and moreover the identified interfaces should be treated 

with caution and interpreted conservatively.  

Type A Hsp40s as Ydj1 comprise a highly conserved J-domain, a ZnF and a C-terminal 

domain. Both ZnF and C-terminal domain have been shown to play a major role for 

substrate binding (Lee et al., 2002; Lu and Cyr, 1998; Szabo et al., 1996). In the substrate-

bound form Hsp40s stimulate the ATPase activity of Hsp70s via a functional interaction of 
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the J-domain and the NBD of Hsp70s (Karzai and McMacken, 1996; Laufen et al., 1999) 

thereby presenting the denatured substrate to the SBD of Hsp70s. Recently, it was shown 

by a crystal structure of a DnaJ J-domain and DnaK,  that the J-domain also interacts with 

the substrate binding domain of DnaK (Kityk et al., 2018).  In case of Ydj1 a crystal 

structure in complex with a substrate peptide exists, showing that the substrate is bound 

by a hydrophobic pocket comprising I116, L135, L137, L216 and F249, all located within 

the C-terminal domain (Li et al., 2003). Mutational studies as well have revealed that both 

ZnF motifs of Ydj1 are important to assist in Hsp70 mediated refolding, but only the first 

motif (C143, C146 and C201, C204) plays a role in substrate binding while the second 

one (C159, C162 and C185, C188) seems to be more crucial for Hsp70 interaction (Li and 

Sha, 2005). In our data we detected interaction of K158 and K134 with Hsp26 K45 (middle 

domain). K158 is neighboring to the second ZnF motif and K134 is spatially close to the 

substrate binding pocket. Therefore, the data could hint at a mechanism in that the 

unfolded substrate protein is handed over to the Ydj1 binding pocket from the 

Hsp26:Substrate complex via interaction with the Hsp26 middle domain with assistance 

of the ZnF. In our data, we as well identified an interaction between K134 and K208 (which 

is located in close vicinity to the first Zn-Finger motif) to the NBD of Ssa1, which indicates 

that not only the J-domain but also the substrate binding region of Ydj1 bind to the NBD 

during substrate transfer to the SBD. Another interaction was identified between K364 of 

Ydj1 and a conserved site within the NBD of Ssa1. According to a crystal structure of the 

Ydj1 dimer, this residue could be part of the Ydj1 dimerization region (Wu et al., 2005). 

We also identified a dimeric intra-link for this lysine in our data. For the same lysine we 

also detected an inter-link into the C-terminus of luciferase, potentially suggesting that this 

region also plays a role.  A last result is the detection of two inter-links from the Ssa1 SBD 

to Hsp26 (MD and CTE) which could be interpreted in a way that Ssa1 maybe as well 

directly interacts with Hsp26 during substrate transfer.  

Taken together our data illustrate that XL-MS is a well-suited technique to investigate 

dynamic and large protein complexes and in particularly to structurally probe the 

eukaryotic chaperone machinery. However, further cross-linking experiments are needed 

to fully unravel the structural basis of Hsp26 activation and substrate refolding.  
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Material and methods 

Strain and cultivation conditions 

E. coli Rosetta2 (DE3) was transformed using pET plasmides expressing His6-Sumo-

Hsp26, His6-Sumo-Hsp26-Ydj1, His6-Sumo-Hsp26-Ssa1 or His6-Sumo-Hsp26-Hsp104. 

A pre-culture was inoculated by a single-cell colony and used to inoculate a second 

overnight culture. The main culture was inoculated with a starting OD600 of 0.1 and grown 

at 30°C and 120 rpm. At an OD600 of 0.6 the recombinant protein expression was induced 

by 1 mM IPTG and overexpression was performed for 4 hours. The cells were harvested 

by centrifugation at 4500xg for 20 min and the pellet was resuspended in lysis buffer and 

centrifuged a second time before the pellet was snap frozen in liquid nitrogen and stored 

at -80°C. Lysis buffer: 40 mM Hepes (pH 7.4), 500 mM NaCl (for Hsp26 and Hsp104) or 

300 mM NaCl (for Ssa1 and Ydj1), 20 mM Imidazole, 1 mM TCEP, 20mM MgCl2 (only 

Hsp104). 

Purification of recombinant proteins  

The cell pellet was thawed in lysis buffer at 37°C for 15 min. The lysis buffer was 

supplemented freshly by a spatula tip magnesium chloride, DNAse I and protease 

inhibitors Aprotinin/Leupeptin (1 mg/L) and Pefabloc® (100 µM). For complete cell lysis, 

the cells were sonicated with a micro-tip at 40 % amplitude 3 times for 10 seconds. After 

that the cell lysate was clarified by centrifugation at 19500xg for 40 min. The supernatant 

was transferred to a superloop for purification by FPLC. A glass column (YMC) was self-

packed with Ni-IDA Protino beads (Machery-Nagel) and a flow rate of 0.5 mL/min was 

used. Cell lysate was loaded onto the column with lysis buffer as washing buffer. Elution 

was done with lysis buffer always containing 500 mM NaCl and 1 M Imidazol. A gradient 

from 0 to 100 % elution buffer was run for 20 mL. Target elution fractions were identified 

by SDS-PAGE and pooled. In house provided Ulp1 was added in a ratio of roughly 1:200 

(w/w) to the pooled elution fractions to cleave off the Sumo-His6 Tag. The pooled elution 

fractions were dialyzed with a 3.5kDa MWCO dialysis tubing (SnakeSkin, Thermo 

Scientific) in 4 L dialysis buffer overnight to reduce the imidazol concentration and to allow 

tag cleavage. The next day tag removal was either done by a second Ni-IDA affinity 

purification (same buffers, 1 mL/min flow rate, 5 mL imidazol gradient) or by SEC whereas 
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SEC was the more efficient method and therefore used in most of the cases. SEC was 

performed by using a Superdex® 75 10/300 GL (GE Healthcare) with a flow rate of 0.5 

mL/min and dialysis buffer as running buffer. Target proteins were always base line 

separated from the tag since all chaperones eluted in the void volume. The target fractions 

were identified by SDS-PAGE, pooled and concentrated to roughly 0.5 – 1 mL by 

ultrafiltration spin units Amicon® Ultra-15 10 kDa MWCO (Merck-Millipore). Buffer was 

exchanged against storage buffer within the same spin unit. Purified and concentrated 

protein was aliquoted, snap frozen in liquid nitrogen and stored at -80°C. Protein 

concentration was determined by BCA as well as Bradford assay.  

Dialysis buffer: 40 mM Hepes (pH 7.4), 150 mM NaCl, 500 mM NaCl (only Hsp104), 

20 mM MgCl2 (only Hsp104), 1 mM β-ME 

Storage buffer: 40 mM Hepes (pH 7.4), 50 mM NaCl, 500 mM NaCl (only Hsp104), 1 mM 

EDTA, 10% Glycerol, 1 mM β-ME (except for Hsp26), 20 mM MgCl2 (only Hsp104) 

Aggregation assay 

To check the activity of Hsp26 to inhibit substrate aggregation, we performed an 

aggregation assay (often referred as light scattering). The substrates, Hsp26 alone and 

Hsp26 + substrate were diluted in heating buffer and incubated in plastic cuvettes in a 

heated water bath, respectively. Light scattering was measured at 550 nm in a dual-beam 

photometer with heating buffer as reference. Light scattering was measured before 

heating and at indicated time points while heat-incubation. The substrates were purchased 

commercially. L-malate dehydrogenase (MDH, from pig heart mitochondrial, Roche), 

glutamate dehydrogenase (GDH, from bovine liver, Sigma Aldrich, G2501) and luciferase 

(from firefly, Sigma Aldrich, L9420). 

Heating buffer: 40 mM Hepes (pH 7.4), 50 mM NaCl, 0.5 mg/mL BSA, 2 mM β-ME 

Inactivity assay 

To ensure that the substrates were fully denatured, we checked the decrease of enzyme 

activity during heat-incubation. In order to do so, we incubated the substrate in 1.5 mL 

tubes in a heated thermomixer and measured enzyme activity in microplate format at 

indicated time points. The assay was necessary because cross-linking was as well carried 

out in the same thermomixer and conditions of the aggregation assay were not urgently 



 
- 57 - 

 

transferable. The substrate stock solutions were diluted in heating buffer and samples 

were taken while heating. 5 µL of heated substrate were mixed with 95 µL enzyme activity 

buffer. In case of MDH and GDH the oxidation of NADH to NAD+ was measured at 

340 nm. In case of luciferase the decrease of luminescence was measured. GDH activity 

buffer: 85 mM Tris (pH 7.4), 0.5 mM NADH, 7.6 mM α-ketoglutarate, 125 nM GDH (final 

assay concentration). Luciferase activity buffer: 85 mM Tris-HCl (pH 7.4), 0.05 mM 

luciferin, 1 mM ATP, 0.5 mg/mL BSA, 15 mM MgCl2, 80 nM Luciferase (final assay 

concentration). MDH activity assay buffer: 150 mM Potassium phosphate buffer (pH 7.4), 

10 mM DTT, 0.5 mM oxaloacetate (fresh, on ice), 0.28 mM NADH, 5 nM MDH (final assay 

concentration) 

Luciferase refolding assay 

The activity of Ydj1/Ssa1 and Hsp104 was measured by an luciferase refolding assay. 

80 nM luciferase (monomer) was denatured in presence of 160 nM Hsp26 (dimer) at 40°C 

for 40 min in heating buffer. After heating, the sample was cooled down to 30 °C for 30 

min. 5 µL of the Hsp26:substrate complex were mixed with 90 µL refolding buffer and 5 

µL of pre-mixed refolding proteins (1 µM each one as monomer, Ydj1 dimer) in a micro-

plate. As control the Hsp26:substrate complex was used in absence of refolding 

chaperones. Luminescece was monitored constantly without addition of fresh substrate 

over two hours at 30°C. Refolding buffer: 40 mM Hepes, 50 mM NaCl, 15 mM MgCl2, 

0.05 mg/mL BSA, 1 mM ATP, 0.1 mM luciferin, 2 mM β-ME, 0.01 µM pyruvate kinase, 

1.5 mM phosphoenolpyruvate 

Size-exclusion chromatography of cross-linked Hsp26 

40 µL 200 µg Hsp26 was incubated at 30°C for 20 min or at 47°C for 20 min in heating 

buffer. After incubation, the protein was cross-linked with H12/D12 Disuccinimidyl 

Suberate (DSS) at the same temperature for 1 min with 2.7 molar excess DSS/lysines. 

After cross-linking the samples were centrifuged at 20000xg for 1 min to remove 

aggregates. The supernatant was loaded on a S4000 column (Phenomenex) and run with 

1 mL/min.  
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Cross-linking and sample processing 

5 nmol Hsp26 (dimer) was incubated alone or with three different substrates at two times 

or five times molar excess. 1 nmol substrate (Luciferase monomer, MDH dimer, GDH 

monomer) or 2.5 nmol substrate (Luciferase and MDH) in heating buffer at 30°C for 20 min 

or under heat-shock conditions was applied. Cross-linking was performed with DSS at the 

same temperature for 1 min or 5 min (45°C: 5 min cross-linking; 47°C: 1 min cross-linking) 

with 2.7 molar excess DSS/lysines. The reaction was stopped by snap freezing in liquid 

nitrogen and quenched by addition of 50 mM ammonium hydrogen carbonate in the 

course of thawing and subsequent incubation for 10 min at room temperature. The 

samples were evaporated to dryness.  

For cross-linking while refolding, the experiment was set up the same way, but the mixture 

was cooled down at 30°C for 30 min after heat-shock without prior cross-linking. After 

cooling down, refolding proteins were added in different amounts (see Figure 6) and ATP, 

MgCl2, pyruvate kinase and phosphoenolpyruvate were added (concentrations as in the 

refolding assay).  

Cross-linking coupled to mass spectrometry (XL-MS) 

Cross-linked samples were processed essentially as follows. The dried protein samples 

were denatured in 8 M Urea, reduced by addition of 2.5 mM TCEP at 37°C for 30 min and 

subsequently alkylated using 5 mM Iodoacetamide at RT for 30 min in the dark. After 

adding 50 mM ammonium hydrogen carbonate to a final concentration of 1 M urea, the 

samples were digested by addition of 2 % (w/w) trypsin (Promega) over night at 37°C. 

Digested peptides were separated from the solution and retained by a C18 solid phase 

extraction system (SepPak Vac 1cc tC18 50 mg cartridges, Waters) and eluted in 50 % 

ACN, 0.1 % FA. After desalting the peptides were evaporated to dryness and stored 

at -20°C. Dried peptides were reconstituted in 30 % ACN, 0.1 % TFA and then separated 

by SEC on a Superdex 30 increase 3.2/300 (GE Life Science) to enrich for cross-linked 

peptides. Two or three early-eluting fractions were collected for MS measurement and 

enriched fractions were evaporated to dryness. Peptides were reconstituted in 5 % ACN, 

0.1 % FA and protein concentrations were normalized on the peptide level based on the 

215 nm absorbance to ensure equal amounts of peptides for MS measurement. The 

peptides were separated on a PepMap C18 2µM, 50 µM x 150 mm (Thermo Fisher) using 
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a gradient of 5 to 35 % ACN for 45 min. MS measurement was performed on an Orbitrap 

Fusion Tribrid mass spectrometer (Thermo Scientific) in data dependent acquisition mode 

with a cycle time of 3 s. The full scan was done in the Orbitrap with a resolution of 120000, 

a scan range of 400-1500 m/z, AGC Target 2.0e5 and injection time of 50 ms. 

Monoisotopic precursor selection and dynamic exclusion was used for precursor 

selection. Only precursor charge states of 3-8 were selected for fragmentation by collision-

induced dissociation (CID) using 35 % activation energy. MS2 was carried out in the Ion 

Trap in normal scan range mode, AGC target 1.0e4 and injection time of 35 ms. 

Cross-link Identification 

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 cross-link ions were applied. Carbamidomethylation (+57.021 Da) was used as a static 

modification for cysteine. As database the sequences of the measured recombinant 

proteins and reversed-shuffled sequences were used for the FDR calculation by xProphet.  

Cross-links were only considered with deltaS < 0.95 and a minimum ld-Score ≥ 25 and  

FDR < 0.05 calculated by xProphet for at least one replicate.  

For the luciferase and MDH heat-shock samples, only cross-links identified in at least 

2 out of 3 independent experiments with ld-Score > 20, delta S < 0.95 and ld-Score ≥ 25 

as well as FDR < 0.05 in at least one experiment are shown in Figure 1A. For the GDH 

heat-shock sample cross-links of all three incubation time points from a single experiment 

were merged and are shown in Figure 1A because nearly full substrate denaturation was 

achieved already after the first time point. The merged list was filtered for cross-links 

identified in at least 2 out of 3 time-points with ld-Score > 20, deltaS < 0.95 and ld-

Score ≥ 25 as well FDR < 0.05 in at least one time-point. In case of Hsp26+luciferase at 

30°C cross-links from a single experiment with ld-score ≥ 25 and FDR < 0.05 are shown 

in Figure 1B. However, we performed three other experiments at 30°C that never showed 

any interaction site under the same criteria. For Hsp26+MDH at 30°C the same 2 out of 3 

criteria as for the heat-shock condition was applied. In case of Hsp26+GDH only cross-

links from a single experiment with ld-score ≥ 25 and FDR < 0.05 are shown in Figure 1B 

but we have performed another experiment as well without detecting any inter-links under 
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the same criteria. To test for shorter cross-linking times, the number of unique cross-

linking sites with ld-Score ≥ 25 and FDR < 0.05 is shown in Figure 1B 

For a full list of identified cross-links see supplementary data 1 

Cross-link quantification 

The chromatographic peaks of identified cross-links were integrated and summed up over 

different peak groups for quantification by xTract (taking different charge states and 

different unique cross-linked peptides for each unique cross-linking site into account) 

(Walzthoeni et al., 2015). Only high-confidence cross-links that fulfilled the above 

introduced criteria were selected for further quantitative analysis. The resulting 

bagcontainer.details.stats.xls file was used as an input for our in-house developed scripts. 

The bag container contains all experimental observations on a peptide level as extracted 

by xTract (e.g. peptide mass, charge state, the extracted MS1 peak area and any 

violations assigned by xTract).  Missing observations were replaced by imputation with 

random values drawn from a normal distribution based on our experimental distribution. 

Here, the log-normal experimental distribution of measured MS1 peak areas was 

converted to a normal distribution by log2-conversion. Of the resulting normal distribution, 

the mean and standard deviations were determined. The mean is shifted downward while 

the width is decreased in order to obtain our distribution to draw imputed values from. This 

follows the same procedure and parameters as described for Perseus (Tyanova et al., 

2016) (width: 0.3 and down shift: 1.8) . 

Data were additionally filtered using a light-heavy filter as described (Walzthoeni et al., 

2015). Since a light-heavy cross-linker at 1:1 ratio was used, we would expect that a given 

peptide for a specific charge state is found with nearly the same MS1 peak area for both 

in its heavy and light form. A peptide for a given charge state therefore receives a violation 

(and is subsequently filtered) if its light-heavy log2 ratio is smaller than 0.5 or higher 

than 2. 

Experiments were normalized by using the mean MS1 peak areas of all experiments as 

the reference. The ratio of all experiments compared to the reference was computed and 

all observed MS1 areas were multiplied by this experiment-specific ratio to receive the 

same mean for all experiments. In addition, replicates were normalized within each 
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experiment. This means that the mean of each technical replicate within an experiment is 

shifted to the experiment mean in the same way as described for the experiment 

normalization. 

In a next step, log2ratios were calculated as the difference between the log2-converted 

MS1 peak areas instead of the ratio. Here, the MS1 areas for each experiment are shifted 

into log2 scale after all summing operations but before taking any means allowing us to 

calculate meaningful standard deviations between biological replicates avoiding the 

influence by outliers in the original log-normal scale. 

P-value calculation was otherwise done as described (Walzthoeni et al., 2015) with one 

notable exception: MS1 peak areas were not split by technical replicates in order to avoid 

artificially improving p-values with increasing numbers of technical replicates. FDR values 

are p-values corrected for multiple testing, following the Benjamin–Hochberg procedure.  

The qXL-MS experiments were done in three (Hsp26 alone) or two biological independent 

sets of experiments (Hsp26+MDH), each one consisting of cross-linking duplicates for 

every time point (fully separated sample processing and measurement) and each cross-

link enrichment fraction was measured twice by LC-MS/MS. To make sure that the 

observed effects are biologically relevant, we combined experiments with slightly different 

incubation conditions and only considered reproducible effects. In case of Hsp26 alone 

we performed one experiment at 47°C for 20 min and two experiments at 45°C for 30 min 

and 90 min, respectively. In presence of substrate we used Hsp26+MDH once at 45°C for 

90 min and once at 47°C for 20 min. Here, the extracted chromatographic areas of each 

cross-linking site under heat-shock conditions were quantitatively related to the ones at 

30°C.  

In Figure 4 and S4 it becomes clear that the first incubation time point was mostly sufficient 

to induce a change in cross-link quantity, therefore we decided to consider all time points 

for the global analysis (Figure 3, S3). 
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Validation and visualization of cross-links  

In order to both validate and visualize the information from our quantitative cross-linking 

experiments, multiple in-house scripts have been written. The visualization scripts either 

interface directly with the quantitation script described above or use xTract-like output as 

input. In either case, the filtering and significance criteria described for the quantitation 

script were used. In order to assess, the cross-link data were transformed via pandas 

(version 1.0.3). Figures 3 and S3 were created with altair (version 4.1.0) running on Python 

version 3.7.6. Figures 4 and S4 were created with seaborn (version 0.9.0) running on 

Python version 3.7.2.  
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Abstract 

Proteome-wide cross-linking studies have spurred great interest as they facilitate 

structural probing of protein interactions in living cells and organisms. However, current 

studies have a bias for high-abundant proteins. In this study we demonstrate both 

experimentally and by a kinetic model that this bias is also caused by the propensity of 

cross-links to preferentially form on high abundant proteins and not by the inability to 

detect cross-links due to limitations in current technology. We further show, by using both 

an in vitro mimic of a crowded cellular environment and eukaryotic cell lysates, that 

parameters optimized towards a pseudo 1st order kinetics model result in a significant 

increase in the detection of lower-abundant proteins on a proteome-wide scale. Our study 

therefore explains the cause of a major limitation in current proteome-wide cross-linking 

studies and demonstrates how to address a larger part of the proteome by cross-linking. 
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Introduction 

Proteins and protein complexes are at the center of virtually all biological processes within 

a cell and deciphering their interactions is key to understand their function. One promising 

approach for addressing protein-protein interactions is based on the rapidly evolving 

technology of cross-linking coupled to mass spectrometry (XL-MS). The general approach 

of XL-MS is to introduce covalent bonds between proximal functional groups of proteins 

or protein complexes in their native environment by cross-linking reagents. The actual 

cross-linking sites are subsequently identified by MS and are reflecting the spatial 

proximity of the respective proteins or subunits in a complex. XL-MS provides a wealth of 

information on the connectivity, interaction and relative orientation of subunits within a 

complex, and also contains spatial information itself, though at relatively low resolution 

(reviewed in Leitner et al., 2016; Piotrowski and Sinz, 2018).  

After some early pioneering work, the field has seen significant technological and 

conceptual progress over the last couple of years and by now various methods to enrich 

cross-links, different cross-linking chemistries, and multiple detection and annotation 

strategies have been introduced (revied in O’Reilly and Rappsilber, 2018; Yu and Huang, 

2018). With the structural probing of recombinantly expressed static protein complexes by 

now being firmly established, the recent application of XL-MS on the proteome-wide level 

has spurred great interest (F. Liu et al., 2015) and an ever-increasing number of studies 

ranging from bacterial, fungal and mammalian cell lysates and cultured cells (Chavez et 

al., 2016b, 2015; Kastritis et al., 2017), specific cellular organelles (Fasci et al., 2018; 

Schweppe et al., 2017) and even whole embryos (Götze et al., 2019) and tissue samples 

(Chavez et al., 2018) have been reported (for a recent review see Chavez & Bruce, 2019). 

These studies hint at the exciting prospect that XL-MS will soon be able to facilitate the 

structural probing of interaction partners of any protein of interest within living cells or even 

organisms. 

As exciting as these recent breakthroughs are and even though an impressive number of 

cross-links were identified from complex samples, the vast majority of cross-linked 

peptides that were identified arose from proteins known to be highly abundant in cells and 

expressed in large copy numbers, as the ribosome, proteasome, heat shock proteins, 
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histones or enzymes involved in key metabolic pathways as oxidative phosphorylation or 

the citric acid cycle. We believe that this observation is common to work done 

independently by various laboratories and raises the question what the cause is of what 

appears to be a striking imbalance in our ability to detect high abundant or low abundant 

proteins by proteome-wide XL-MS.  

We show, by using both an in vitro mimic of a crowded cellular environment and eukaryotic 

cell lysates, that there is indeed a nearly exclusive detection of cross-links within high 

abundant proteins in current proteome-wide cross-linking experiments. We demonstrate 

both experimentally and by a kinetic model that this bias is also caused by the propensity 

of cross-links to preferentially form on high-abundant proteins and as such not by the 

inability to detect cross-links that have formed on low abundant proteins due to limitations 

in current MS technology. We further show that parameter settings optimized towards a 

pseudo 1st order kinetics model, in particularly an excess of cross-linker, results in a 

significant increase in the detection of lower abundant proteins within cellular lysates.  

Our study therefore not only explains the cause of a major limitation in current proteome-

wide cross-linking studies. It also highlights a way forward how to gain access to a larger 

part of the proteome for cross-linking studies and paves the way in establishing XL-MS 

even further as an essential tool for cellular structural biology. 
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Results 

Influence of protein abundance on cross-link formation. In order to study the influence 

of protein abundance on cross-link formation, we mimicked a crowded cellular 

environment and mixed equal amounts of purified ribosomes from S. cerevisiae with 

increasing amounts of BSA, starting with pure 60S ribosomal particles and subsequently 

going from a 1 to1 mixture up to a 50-fold excess of BSA (µg/µg), before cross-linking all 

samples at equimolar concentrations of 1 mM Bissulfosuccinimidyl Suberate (BS3) 

(Figure 1A, Supplementary Dataset 1). Importantly, after quenching of the reactions, the 

cross-linked ribosomes were efficiently separated again from excess BSA by 

ultracentrifugation prior to analysis by MS (Figure 1, Figure S1). We chose this set-up, as 

it enabled us to separate the influence of protein abundance on the formation of a cross-

link from the possibility that a cross-link has been formed, but could not be detected due 

to current limitations in MS technology (e.g. sensitivity of the MS or chromatographic 

overlay of a high-abundant with a low abundant peptide). Figure 1B shows the number of 

detected unique, high-confidence 60S linkage sites (intermolecular- and intramolecular) 

within the different samples. The data shows a strikingly clear trend where with increasing 

amounts of additional BSA present, concomitantly less ribosomal cross-links are formed. 

This trend is robust and reproducible (Figure 1, Figure S1B, Supplementary Dataset 1).  
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Figure 1. Interdependence of protein abundance and cross-linker concentration on cross-link 

formation in vitro: (A) Equal amounts of purified 60S ribosomal particles from S. cerevisiae were mixed 

with increasing amounts of BSA (ranging from a 1 to 1 mixture (µg/ µg) up to a 50-fold excess of BSA) and 

cross-linked at a concentration of 1 mM BS3. After quenching of the reactions, the cross-linked ribosomes 

were separated again from BSA by ultracentrifugation using a sucrose cushion prior to analysis by 

LC-MS/MS. (B) Detected unique cross-linking sites within the 60S ribosomal subunit (intermolecular and 

intramolecular) within these samples and (C) after addition of excess cross-linker to the 50-fold excess BSA 

sample - 4x BS3; 16x BS3; 80x BS3. 
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Figure S1A. Ribosomes are separated from BSA after cross-linking and prior to MS analysis: SDS-

PAGE of supernatant (SN) and pellet (P) fractions of ribosome-BSA mixtures after separation by 

ultracentrifugation using a 25 % sucrose cushion. Increasing amounts of BSA are seen in the SN fractions, 

while P fractions show no sign of BSA but clear bands from ribosomal proteins, demonstrating the efficient 

removal of excess BSA. 

 

Figure S1B. Influence of protein abundance and cross-linker concentration on cross-link formation: 

Number of detected unique, high-confidence linkage sites (intermolecular- and intramolecular) within equal 

amounts of efficiently separated 60S ribosomal particles that had been cross-linked in the presence of 

increasing amounts of BSA for two replicates. The data shows a very clear and consistent trend, where with 

increasing amounts of additional BSA protein present, less cross-links are formed on the 60S ribosome. 

Upon addition of excess cross-linker, this trend is reversed. 
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Higher cross-linker concentrations increase formation of protein cross-links in a 

minimal crowded cellular environment in vitro. To create a challenging scenario, we 

used 50-fold excess of BSA ratio, where only three percent of cross-links compared to the 

number using only purified 60S ribosomal particles were still formed, and applied 

increasing amounts of excess cross-linker (Figure 1C, Figure S1B, Supplementary 

Dataset 1). Here, a 4-fold increase in the applied cross-linker concentration resulted in a 

comparable 4-fold increase in the number of formed cross-links. Increasing the cross-

linker concentration by another 4-fold restored the number of formed cross-links nearly 

completely (> 95 percent of total cross-links and 80 percent of inter-links compared to the 

number formed using only purified 60S ribosomal particles). A further 2-fold increase of 

cross-linker resulted in an even higher number of formed cross-links (> 95 percent of inter-

links), even though the increase was mainly based on a significantly higher number of 

intra-links. Our data therefore clearly shows that the addition of excess cross-linker 

significantly increases the number of formed protein cross-links on our – relatively - low-

abundant ribosomal proteins in a concentration-dependent manner and is able to 

effectively fully reverse the effect that the addition of access BSA protein had on limiting 

the formation of these ribosomal cross-links. Taken together they demonstrate the 

interdependence of protein abundance and cross-linker concentration for cross-link 

formation in vitro. 

Kinetic model for cross-link formation in lysates. Next, we wanted to test if our findings 

using a minimal crowded cellular environment in vitro could be reproduced using 

proteome-wide cross-linking of real cellular lysates. We therefore cross-linked 

S. cerevisiae lysates with Disuccinimidyl Sulfoxide (DSSO), under conditions (lysate 

concentration of 1 mg/ml and cross-linker concentration of 1 mM) described previously as 

favored for proteome-wide cross-linking (Klykov et al., 2018; F. Liu et al., 2015; Liu et al., 

2017). To this end we have created a simplified kinetic model assuming equal reactivity 

for all lysines to describe the reaction kinetics (for a detailed description of our model, 

including all assumptions and equations, see Figure 2 and supplement kinetic model).  
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Figure 2. Kinetic model of cross-link formation in lysates: (A) Ratio between lysine and cross-linker 

concentration. The y-axis shows the ratio between cross-linker and lysine concentration at the final time-

step where the reaction is supposed to be complete. The x-axis shows the ratio of the initial cross-linker and 

lysine concentrations. Both axes are in logarithmic scale. The experimental ratios are overlaid with dotted 

lines. For the low initial cross-linker-to-lysine ratios we assume that the cross-linker concentration is kept 

constant in the first-order regime. (B) Normalized ratio for the cross-linked products versus the absolute 

initial difference. The y-axis shows the normalized ratio between two cross-linked species at the final time-

step where the reaction is supposed to be complete. For two protein species B and C, the ratio is calculated 

as the ratio of the concentrations B/C at the final reaction step (t=max); the initial ratio at t=0 is used for 

normalization. A ratio of 2 means that compared to the initial ratio the final ratio has doubled. The x-axis 

shows the absolute difference of the species initial concentrations. The absolute initial difference is 

calculated as B0-C0 where B0 and C0 are the initial concentrations of species B and C. For further details 

and equations, see the supplement kinetic model. 
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Using this model, we find that the previously described lysate cross-linking conditions are 

almost certainly not sufficient for complete linking of all free lysines, resulting in a 

suboptimal overall number of formed cross-links (Figure 2A). 

Our kinetic model also strongly suggests that high abundant proteins have a higher 

propensity to react with the cross-linker (Figure 2B). The kinetics of the reaction of the 

cross-linker with the proteins can be approximated with second order kinetics under above 

conditions. As such the product formation is dependent on both the concentration of the 

cross-linker and also the concentration of the target protein species. Thus, the likelihood 

to cross-link less abundant proteins is strongly reduced, or with other words, the high 

abundant proteins will act like a sponge for the cross-linker. Here we have experimentally 

tested this concept. 

Proteome-wide cross-linking is limited to high-abundant proteins. We therefore 

mapped all proteins that were identified by at least one cross-link to a proteome-wide 

protein abundance distribution in S. cerevisiae (https://pax-db.org/species/4932)16. The 

protein abundance is here expressed as single protein abundance relative to the total 

proteome abundance, meaning that a protein with a value of 1000 ppm equals 0.1 % of 

the total cellular protein amount. Figure 3A shows the number of all proteins that were 

identified by at least one cross-link (inter- or intra-link) (blue bars) together with the general 

distribution of protein abundances in S. cerevisiae (orange bars). Overlaid are the 

cumulative number of proteins (in percent) that were identified at a certain protein 

abundance for proteins for which a cross-link has been identified (black solid line) versus 

the complete annotated proteome in S. cerevisiae (black dashed line). This data clearly 

demonstrates that proteome-wide cross-linking is limited to high abundant proteins. We 

verified this finding by additionally mapping all proteins that were identified in other 

proteome-wide cross-linking studies spanning different organisms: E.coli (Liu et al., 2017), 

mouse (Chavez et al., 2018) and human (Chavez et al., 2016b; Klykov et al., 2018; F. Liu 

et al., 2015; Liu et al., 2017)) and covering lysates (Klykov et al., 2018; F. Liu et al., 2015; 

Liu et al., 2017) cultured cells (Chavez et al., 2016b; Klykov et al., 2018; F. Liu et al., 2015; 

Liu et al., 2017) and specific cellular organelles (Chavez et al., 2018) (Figure S3).  
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Figure 3. Interdependence of protein abundance and cross-linker concentration on cross-link 

formation in cell lysates; (A) Proteome-wide cross-linking is limited to high abundant proteins. Shown are 

the number of proteins for which a cross-link (inter- and intra-link) could be detected in a proteome-wide 

cross-linking experiment (blue bars) together with the general distribution of protein abundances in 

S. cerevisiae (https://pax-db.org/species/493216) (orange bars). The protein abundance is expressed as 

single protein abundance relative to the total proteome abundance; e.g. a protein with a value of 1000 ppm 

equals 0.1 % of the cellular protein amount. Overlaid is the cumulative quantity of proteins (in percent) which 

was identified at a certain protein abundance for proteins for which a cross-link has been identified (black 

solid line) versus the complete annotated proteome in S. cerevisiae (black dashed line). Plotted are the 

absolute number of identified proteins (y-axis, left) and their cumulative distribution (y-axis, right) versus 

their respective protein abundance (in ppm) (x-axis). (B) Shown are the cumulative distributions of proteins 

with an identified cross-link using increasing concentrations of DSSO cross-linker (1x (blue); 2x (orange); 

4x (green); 8x (red) and 16x (violet) versus the complete annotated proteome in S. cerevisiae (brown). (C) 

Depicted are the ratios of these cumulative distributions for these increasing cross-linker concentrations 



 
- 73 - 

 

relative to the lowest cross-linker concentration (1 mM). The same color code as in panel B has been 

applied. (D) Shown is the unique subset of proteins for which a cross-link (inter – and intra-link) could be 

detected within samples where a low cross-linker concentration (1x and 2x; blue bars) or a high cross-linker 

concentration (8x and 16 x; orange bars) was used for cross-linking. 

 

Figure S3. Proteome-wide cross-linking is limited to high abundant proteins: Proteome-wide cross-

linking is limited to high abundant proteins. Shown are the number of proteins for which a cross-link (inter- 

and intra-link) could be detected for six different proteome-wide cross-linking experiments (blue bars) 

together with the respective general distribution of protein abundances in homo sapiens (https://pax-

db.org/species/9606), mus musculus (https://pax-db.org/species/10090) and E.coli (https://pax-

db.org/species/511145) (orange bars) (Wang et al., 2015). The protein abundance is expressed as single 

protein abundance relative to the total proteome abundance; e.g. a protein with a value of 1000 ppm equals 

0.1 % of the cellular protein amount. Overlaid is the cumulative quantity of proteins (in percent) which was 

identified at a certain protein abundance for proteins for which a cross-link has been identified (black solid 

line) versus the respective complete annotated proteome (black dashed line). Plotted are the absolute 

number of identified proteins (y-axis, left) and their cumulative distribution (y-axis, right) versus their 

respective protein abundance (in ppm) (x-axis). 

Shown are distributions (A) Chavez, Schweppe, et al., 2016, where cross-linking was conducted directly in 

HeLa cell cultures (B) Liu et al., 2015, (C) Liu et al., 2017 and (D) Klykov et al., 2018  where cross-linking 

was conducted in HeLa cell lysates, (E) Liu et al., 2017 where cross-linking was conducted in E. coli cell 

lysates and (E) Chavez et al., 2018, where cross-linking was performed in lysates of mouse heart tissue. 
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Proteome-wide interdependence of protein abundance and cross-linker 

concentration for cross-link formation in cell lysates. Our kinetic model suggests that 

excess of cross-linker conditions can drive the targeting of lower abundant species. In a 

next step we therefore wanted to test, if increasing the cross-linker concentration would 

also increase the number of formed cross-links on a proteome-wide scale. We therefore 

cross-linked the same S. cerevisiae lysate as above using increasing concentrations of 

DSSO (1x (blue); 2x (orange); 4x (green); 8x (red) and 16x (violet)) and mapped again all 

proteins that were identified by at least one cross-link to our proteome-wide protein 

abundance distribution in S. cerevisiae (Figure 3b, Supplementary Dataset 2;  for the 

cumulative distributions of cross-linked proteins split into intra- and inter-links separately 

see Figure S4). Figure 3B shows an overlay of these cumulative distributions of cross-

linked proteins, clearly demonstrating a consistent increase in the number of low-abundant 

proteins being cross-linked with increasing cross-linker concentration. This trend becomes 

even more obvious when the relative increase of proteins for which a cross-link was 

detected within the lysate is compared relative to the lowest concentration of DSSO cross-

linker (Figure 3C). Here we can clearly see a concentration-dependent effect where the 

number of detected cross-links is both dependent on the concentration of the cross-linker 

and inversely dependent on the concentration of the cross-linked protein. Our data shows 

a relative increase of detected cross-linked proteins of up to 3.5-fold for low-abundant 

proteins (< 2 ppm) if the cross-linker is increased by 16-fold compared to the original 

concentration. In a last step, we took a closer look at the specificity and consistency of the 

subset of the proteome that can be addressed by XL-MS by varying cross-linker 

concentrations. Figure 3D shows the unique subset of proteins for which a cross-link could 

be detected in samples when a low cross-linker concentration (1x and 2x; blue bars) or a 

high cross-linker concentration (8x and 16 x; orange bars) was used. It can clearly be seen 

that higher concentrations of cross-linker lead to increased cross-linking of lower-

abundant proteins, while higher cross-linker concentrations target higher abundant 

proteins. Figure 4 shows respective trends and a similar - but even larger up to 10-fold - 

increase in the number of cross-linked low abundant proteins using a different cross-linker 

(BS3) and software suit (xQuest), thus corroborating the reproducibility of our results 
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under a different regime (Supplementary Dataset 3; for the cumulative distributions of 

cross-linked proteins split into intra- and inter-links separately see Figure S4). 

In summary, these experiments therefore show that proteome-wide cross-linking of 

cellular lysates leads mainly to the formation of cross-links on high-abundant proteins but 

that higher cross-linker concentrations can be used to increase cross-link formation of low-

abundant proteins on a proteome-wide level. Taken together they confirm the 

interdependence of protein abundance and cross-linker concentration for cross-link 

formation on a proteome-wide scale and show how to gain access to a larger part of the 

proteome by cross-linking. 
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Figure 4. Interdependence of protein abundance and cross-linker concentration on cross-link 

formation in cell lysates using a different cross-linker and computational pipeline: (A) Proteome-wide 

cross-linking is limited to high abundant proteins. Shown are the number of proteins for which a cross-link 

(inter- and intra-link) could be detected in two proteome-wide replicate experiments using BS3 as a cross-

linker (blue bars) together with the pseudo general distribution of protein abundances in S. cerevisiae 

(orange bars). As the non-cleavable linker BS3 could not be searched against the complete proteome, 
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samples were searched against two manually curated databases based on a prior proteome-wide search, 

one containing 237 proteins (high abundant proteins: > 525 ppm) and one containing 553 proteins (low 

abundant proteins; < 525 ppm) (see methods for a detailed description). For this pseudo proteome-wide 

distribution only proteins within these databases were plotted. The protein abundance is expressed as single 

protein abundance relative to the total proteome abundance; e.g. a protein with a value of 1000 ppm equals 

0.1 % of the cellular protein amount. Overlaid is the cumulative quantity of all proteins (in percent) for which 

a cross-link has been identified (black solid line) versus the proteins of the annotated search library in 

S. cerevisiae (black dashed line). Plotted are the absolute number of identified proteins (y-axis, left) and 

their cumulative distribution (y-axis, right) versus their respective protein abundance (in ppm) (x-axis). (B) 

Shown are the cumulative distributions of proteins with an identified cross-link using increasing 

concentrations of BS3 cross-linker 1x (blue); 2x (orange); 4x (green); 8x (red) and 16x (violet) versus the 

proteins of the annotated search library (brown). (C) Depicted are the ratios of these cumulative distributions 

for the increasing cross-linker concentrations relative to the lowest cross-linker concentration (1 mM). (D) 

Shown are the overall number of proteins for which a cross-link (inter- and intra-link) could be detected in 

two proteome-wide replicate experiments using increasing concentrations of BS3 cross-linker. The same 

color code as in panel B has been applied. 
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Figure S4. Cumulative distribution functions of cross-linked proteins split into intra- and inter-links: 

(A) Cumulative distributions of proteins with an identified cross-link using increasing concentrations of DSSO 

cross-linker (1x (blue); 2x (orange); 4x (green); 8x (red) and 16x (violet) versus the complete annotated 

proteome in S. cerevisiae (brown). (B) Cumulative distributions of proteins with an identified cross-link using 

increasing concentrations of BS3 cross-linker 1x (blue); 2x (orange); 4x (green); 8x (red) and 16x (violet) 

versus the proteins of the annotated search library (brown).  
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Figure S5. Proteome-wide distribution of identified cross-linked proteins for different cross-linker 

concentrations: (A) Shown is the total number of identified unique proteins for two independent biological 

replicates in S. cerevisiae lysates using increasing concentrations of DSSO cross-linker (1 mM (1x); 2x; 4x; 

8x and 16x. (B) Venn diagram showing the overlap in detected unique proteins between lysates that were 

cross-linked with different cross-linker concentrations. Here the overlap between neighboring cross-linker 

concentrations (e.g. 1x and 2x or 8x and 16 x) is largest (ranging from roughly a third to more than half of 

all unique proteins identified) and then quite strongly decreases with increasing difference in the used cross-

linker concentration (e.g. the overlap between 1x and 16x datasets amounts to only a few percent). The 

data therefore suggests, that with different cross-linker concentrations, divergent subsets of the proteome 

can be addressed. (C) Venn diagram showing only that subset of proteins, for which cross-links were 

identified in both independent biological replicates. (D to F) Respective graphs using BS3 as a cross-linker. 
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Figure S6. Distribution of non-modified proteins for the yeast lysate experiment: 

Non-cross-linked proteins are showing inverse behavior compared to cross-linked proteins. 

(A) Histogram showing overall protein count of identified non-cross-linked proteins using increasing 

concentrations of DSSO cross-linker: (1x (blue); 2x (orange); 4x (green); 8x (red) and 16x (violet).  (B) 

Depicted are the ratios of the cumulative distributions for the increasing cross-linker concentrations relative 

to the lowest cross-linker concentration (1 mM). The same color code as in panel A has been applied. 
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Discussion 

This study presents a set of experiments together with a kinetic model in that the influence 

of different factors - as protein abundance and cross-linker concentration – on the 

formation and detection of (chemical) cross-links on proteins and protein complexes by 

MS was studied, both in order to better understand the basic rules that govern this process 

and to heighten the range and number of proteins that can be addressed in proteome-

wide cross-linking studies. We show that virtually all cross-links that were identified in a 

proteome-wide cross-linking experiment are located within proteins or protein complexes 

that are highly abundant and expressed in large copy numbers, in line with data from 

previous studies (Chavez et al., 2018; Götze et al., 2019; Klykov et al., 2018; F. Liu et al., 

2015; Liu et al., 2017). Using an in vitro mimic of a crowded cellular environment we 

observe a clear interdependence between the number of detected cross-links within a 

given protein complex and the quantity of additional protein present. We then go on to 

show that this interdependence is caused by the propensity of cross-links to preferentially 

form on high-abundant proteins.  

By using both an in vitro mimic of a crowded cellular environment and eukaryotic cell 

lysates in combination with a kinetic model we further show that optimized kinetic 

parameter settings, in particularly an excess of cross-linker, results in a significant, up to 

3 to 10- fold increase in detection of lower abundant proteins on a proteome-wide scale. 

While we see not only a clear trend towards lower abundant proteins on a proteome-wide 

scale using optimized parameter settings, we also observe that different cross-linker 

regimes target a slightly diverse subset of the proteome (Figure 3D, 4D and Figure S5). 

This also explains the previously noticed effect of an overall decrease in cross-linked 

species for higher cross-linker concentrations using SDS-PAGE as a read-out (Klykov et 

al., 2018). Interestingly, increasing the cross-linker concentration causes an inverse 

behavior of the non-modified proteins compared to the cross-linked proteins, suggesting 

that that the observed increased amount of detected cross-linked peptides on low-

abundant proteins for higher cross-linker concentrations is indeed caused by a higher 

amount of available cross-linked low-abundant proteins and not a result of “over-cross-

linking” of higher-abundant proteins (Figure S6). Or in other words, while the previously 
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identified settings of 0.5 to 2 mM of cross-linker concentration for proteome-wide studies 

(Klykov et al., 2018; F. Liu et al., 2015; Liu et al., 2017) are indeed optimal for maximizing 

the overall amount of cross-linked peptides, we show in this study that this concentration 

range is not optimal for forming and detecting cross-links on lower abundant proteins or 

protein complexes and that an optimized coverage of the proteome will likely only be 

reached when multiple cross-linker concentration regimes, optimally in conjunction with 

fractionation of the sample of interest and additional enrichment of cross-linked peptides, 

are used simultaneously. So far, there have been no apparent implications on the general 

cross-linking pattern due to the high-cross-linking regime. But it will be important to monitor 

general trends in future studies when such multi-modal concentration regimes are 

employed. However, also alternative strategies might be used to address this challenge, 

such as specific cross-linking of target proteins by the introduction of a chemical handle 

through genetic code expansion (Koehler et al., 2016).  

In summary, our study not only explains a cause of a major limitation in current proteome-

wide cross-linking studies. It also demonstrates a way forward how to redesign or 

repurpose XL-MS studies in the future in order to address an even larger part of the 

proteome for cross-linking studies and paves the way in establishing XL-MS even further 

as an essential tool for cellular structural biology.  
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Experimental section 

Protein expression and purification. Ribosomes were purified from BY4741 yeast cells 

essentially as described (Gamerdinger et al., 2019). In brief, log phase yeast cells were 

pelleted, frozen in liquid nitrogen and grounded in a cryo mill (Retsch ®). The lysate was 

cleared by centrifugation and loaded on a 60% (w/v) sucrose cushion and ribosomes were 

pelleted by ultracentrifugation. Ribosome pellets were resuspended and incubated with 1 

mM puromycin to release nascent chains. Samples were cleared once by centrifugation 

and loaded on a 10-40% (w/v) sucrose gradient in high salt gradient buffer to split 80S 

ribosomes into 40S and 60S particles. After centrifugation gradients were fractionated 

(Teledyne Isco) and 60S particles were collected, concentrated (100,000 MWCO, Merck), 

and buffer exchanged into buffer A (20 mM HEPES (pH 7.4), 100 mM KCl, 5 mM MgCl2).  

Preparation of S. cerevisiae cell lysates. A single-cell colony of S. cerevisiae BY4741 

was used to inoculate an overnight culture using YPD medium. The main culture was 

inoculated with an initial OD600 of 0.1 and grown at 30°C shaking at 120 rpm. Cells were 

harvested during exponential growth phase by centrifugation at 4,300 x g for 12 min at 

4°C. Cell pellets were washed in cold lysis buffer (50 mM HEPES, pH 7.4, 100 mM KCl, 

1.5 mM MgCl2, 0.1 % (v/v) NP-40, 5 % (v/v) glycerol, pefabloc 100 µM, aprotinin and 

leupeptin 1 mg/L) and centrifuged one more time to get rid of residual medium. Washed 

cell pellet was reconstituted in 20 mL lysis buffer and quick frozen in liquid nitrogen as 

small drops. Cell lysis was carried out by grinding the frozen cell droplets in a Retsch® 

ball mill MM400 at 30 Hz 2 times for 60 s. Frozen cell powder was dissolved in 70 mL lysis 

buffer on a rolling mixer at 4°C. The cell lysate was cleared by centrifugation at 47,000 x 

g for 40 min at 4°C. Protein concentration of cleared cell lysate was measured both by 

BCA and Bradford assay and subsequently diluted to 1 g/L with cold lysis buffer lacking 

NP-40. The cleared and diluted cell lysate was used for cross-linking experiments. 

Cross-linking of a minimal in vitro reconstituted crowded cellular environment. 

Complexes were cross-linked and measured essentially as described (Leitner et al., 

2014). In short, equal amounts of roughly 185 µg of purified ribosomes from S. cerevisiae 

were mixed with increasing amounts of BSA using 1:1; 1:2; 1:5; 1:10; 1:25 and a 1: 50-

fold excess of BSA (all µg/µg). Samples were subsequently cross-linked at equimolar 



 
- 84 - 

 

concentrations (1 mM) of H12/D12 Bissulfosuccinimidyl Suberate (BS3) (Creative 

Molecules) for 30 min at 37°C shaking at 650 rpm in a thermomixer (Eppendorf). 

Alternatively, the 50-fold excess BSA sample was cross-linked with an increasing total 

amount of BS3 (4x; 16x and 80x) also for 30 min at 37°C (for exact reaction volumes and 

protein concentrations see Supplementary Dataset 4). After quenching by addition of 

ammonium bicarbonate to a final concentration of 50 mM, ribosomes were separated from 

excess BSA by ultra-centrifugation. The cross-linked samples were loaded on a 25 % 

sucrose cushion and pelleted by ultracentrifugation at 200,000xg for 90 min at 4°C. The 

complete supernatant was transferred to a fresh tube and stored at -20°C. The ribosome 

pellet was reconstituted in buffer A by shaking for 1h at 4°C at a vertical shaker. After 

resolubilization, the ribosome samples were evaporated to dryness. The dried protein was 

denatured in 8 M Urea. Reduction was performed by 2.5 mM TCEP at 37°C for 30 min 

and alkylation was done using 5 mM Iodoacetamide at RT for 30 min in the dark. The 

samples were digested by 2 % (w/w) trypsin (Promega) in 50 mM ammonium hydrogen 

carbonate at 37°C over night. The peptides were bound to a C18 solid phase extraction 

system (SepPak Vac 1cc tC18 (50 mg cartridges, Waters) and eluted in 50 % ACN 0.1 % 

FA. After desalting the peptides were evaporated to dryness and stored at -20°C. Dried 

peptides were reconstituted in 30 % ACN 0.1 % TFA and then separated by size exclusion 

chromatography to enrich for cross-linked peptides. A Superdex 30 increase 3.2/300 (GE 

Life Science) was used and three early-eluting fractions were collected for MS 

measurement. Protein concentration was normalized both by a BCA assay after 

reconstitution of the ribosome pellet and one more time on the peptide level by A260/A280 

measurement after enzymatic digestion and prior to MS measurement. The target 

fractions were evaporated to dryness and stored at -20°C. The enriched peptides were 

reconstituted in 5 % ACN 0.1 % FA and analyzed by LC-MS/MS. The peptides were 

separated on a PepMap C18 2µM, 50 µM x 150 mm (Thermo Fisher) with a gradient of 5 

to 35 % ACN for 75 min. MS measurement was performed on an Orbitrap Fusion Tribrid 

mass spectrometer in data dependent acquisition mode with a cycle time of 3 s. The full 

scan was done in the Orbitrap with a resolution of 120000, a scan range of 400-1500 m/z, 

AGC Target 2.0e5 and injection time of 50 ms. Monoisotopic precursor selection and 

dynamic exclusion was used for precursor selection. Only precursor charge states of 3-8 
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were selected for fragmentation by CID using 35 % activation energy. MS2 was carried 

out in the Ion Trap in normal scan range mode, AGC target 1.0e4 and injection time of 

35 ms.  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 cross-link-ions were applied. Cross-linked samples were prepared in 

duplicates for all investigated samples, and each of these was measured with technical 

duplicates. Cross-links were only considered, if they were identified with deltaS < 0.95 and 

an Id score ≥ 28. 

A list of all identified links can be found in Supplementary Dataset 1. 

Proteome-wide cross-linking of lysates. 250 μg of 1 mg/ml S. cerevisiae lysates were 

cross-linked with increasing total amounts (1x, 2x, 4x, 8x and 16x) of either DSSO 

(Thermo Scientific) at 30°C for 1 hour or H12/D12 BS3 (Creative Molecules) for 1 hour at 

30°C (for an exact pipetting scheme see Supplementary Dataset 4). After quenching by 

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

reduced, alkylated, and digested with trypsin (Promega). Digested peptides were 

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

1cc tC18 (50 mg cartridges, Waters), separated by size exclusion chromatography and 

after normalization by A260/A280, measurement on the peptide level, subjected to LC-

MS/MS analysis on an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). 

C18 separation prior to MS measurement was done using a PepMap C18 2µM, 

50µMx150mm (Thermo Fisher) with a gradient of 5 to 35 % ACN for 150 min. MS 

measurement was performed in MS3 data dependent acquisition mode exactly as 

described by Klykov et al. 15. In short, Proteome Discoverer™ 2.2 (Thermo Scientific) with 

the XlinkX node for cross-linked peptides and SEQUEST HT search engine for unmodified 

and dead-end-modified peptides was used. Carbamidomethylation (+57.021 Da) was 

used as a static modification for cysteine and methionine oxidation (+15.996 Da) as 

variable modification. Data were searched against the Swissprot S. cerevisiae database 

(05/2019) with a 1% FDR cut-off for protein spectral matches.  

 

A list of all identified links can be found in Supplementary Dataset 2. 
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For the BS3 cross-linked samples, measurements and cross-link searches were carried 

out essentially as described above. Cross-links were only considered, if they were 

identified in both replicate samples with a deltaS < 0.95 and with an Id score ≥ 30 in at 

least one and an Id score ≥ 28 in both replicate samples. As the non-cleavable linker BS3 

could not be searched against the complete proteome, samples were searched against 

two manually curated databases (see Supplementary Dataset 5) based on a prior 

proteome-wide search, one containing 237 proteins (high abundant proteins) and one 

containing 553 proteins (low abundant proteins) (databases were uploaded to PRIDE). All 

proteins used for creating these libraries were identified throughout all samples by a prior 

proteome-wide search using Proteome Discoverer™ 2.2. The peptide search was 

performed using the SEQUEST HT search engine with a precursor mass tolerance of 10 

ppm and 0.6 Da for fragment ions. Carbamidomethylation (+57.021 Da) was used as a 

static modification for cysteine, methionine oxidation (+15.996 Da) and acetylation of the 

N terminus (+42.011 Da) as variable modification. Data were searched against the 

Swissprot S.cerevisiae database (05/2019) using a 1% FDR.  

A list of all identified links can be found in Supplementary Dataset 3. 

Mapping of protein abundances. We used the PAX database (https://pax-db.org/, 

version 4.1 of the database) to get the relative abundance for all proteins found in the 

respective species (Wang et al., 2015). We used the mapping file available from PAX itself 

(https://pax-db.org/download, full_uniprot_2_paxdb.04.2015.tsv.zip) to convert the String 

ID used by the PAX database to Uniprot identifiers. Furthermore, we filtered all proteins 

not inside the Swissprot database of the respective species (accessed on: 19/06/2019) in 

order to end up exclusively with curated protein entries. Since the same Uniprot ID can be 

associated with several String IDs we only kept the most abundant entry in order to end 

up with a list of unique Uniprot IDs to abundance mappings. These lists were used for 

reference proteome abundances. Note that for the BS3 experiment we filtered the 

reference proteins to contain only those that were used for the xQuest search. We then 

assembled a list of unique Uniprot IDs corresponding to the proteins in which we found 

cross-links (or the cross-linked proteins from literature) and mapped these to their 

abundances. The abundance range was discretized into 12 bins with geometric spacing 

starting from the lowest and going to the highest abundance value found experimentally. 
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Additionally, we added one bin starting at 0, accounting for all abundances within the 

reference PAX database that were below the lowest abundant protein for which a cross-

link was detected experimentally in this study. Since the experimental minimum and 

maximum abundance are computed for all the different cross-linker concentrations taken 

together, this sometimes leads to some bins being empty for specific cross-linker 

concentrations (specifically the low abundance bins for low cross-linker concentrations). 

The databases were transformed via pandas (version 0.24.2; https://pandas.pydata.org/) 

and the plots were created using seaborn (version 0.9.0; https://seaborn.pydata.org/) 

running on Python version 3.7.3. 

Data availability. All data generated or analyzed during this study are included in this 

published article (and its Supplementary information files). The MS data (raw files, 

databases for xQuest search, proteome discoverer and xQuest output files) have been 

deposited to the ProteomeXchange Consortium via the PRIDE 20 partner repository with 

the dataset identifier PXD014759 (Vizcaíno et al., 2016). 
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Supplement kinetic model 

By establishing a simplified kinetic model, we find that the most common experimental 

conditions used in literature for lysate cross-linking (lysate concentration of 1 mg/ml; cross-

linker concentration of 1 mM, see for example (Klykov et al., 2018; F. Liu et al., 2015; Liu 

et al., 2017) are not sufficient for completely cross-linking all proteins and favor cross-

linking of high-abundant proteins. Looking at a simple model reaction in the form of 

𝐴 + 𝑋𝐿
𝑘
→ 𝐴𝑋𝐿 

where A represents all lysines found in our mixture and XL the cross-linker. AXL is the 

mono-linked product (i.e. a dead-end link) and k is the average rate constant for all lysines. 

The reaction rate of each species can therefore be described with 

𝑑[𝐴(𝑡)]

𝑑𝑡
=
𝑑[𝑋𝐿(𝑡)]

𝑑𝑡
= −𝑘[𝐴(𝑡)][𝑋𝐿(𝑡)] 

𝑑[𝐴𝑋𝐿(𝑡)]

𝑑𝑡
= 𝑘[𝐴(𝑡)][𝑋𝐿(𝑡)] 

The overall reaction is therefore of second-order with respect to the lysine and cross-linker 

concentration. When the initial cross-linker concentration [𝑋𝐿]0 is at least one order of 

magnitude greater than the overall initial lysine concentration [𝐴]0, so that [𝑋𝐿]0 >> [𝐴]0, 

the reaction order changes to first-order overall. We assume that 

𝑑[𝑋𝐿(𝑡)]

𝑑𝑡
= 0 

For the free lysine and product reaction rates it follows 

𝑑[𝐴(𝑡)]

𝑑𝑡
= −𝑘[𝐴(𝑡)][𝑋𝐿]0 

𝑑[𝐴𝑋𝐿(𝑡)]

𝑑𝑡
= 𝑘[𝐴(𝑡)][𝑋𝐿]0 

For both the second-order as well as first-order case there are analytical solutions to the 

differential equations (Houston, 2006). For the second-order case we find 

ln
[𝑋𝐿(𝑡)]2𝑛𝑑[𝐴]0
[𝐴(𝑡)]2𝑛𝑑[𝑋𝐿]0

= ([𝑋𝐿]0 − [𝐴]0)𝑘𝑡 
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[𝐴(𝑡)]2𝑛𝑑 = [𝑋𝐿(𝑡)]2𝑛𝑑
[𝐴]0
[𝑋𝐿]0

𝑒([𝐴]0−[𝑋𝐿]0)𝑘𝑡 

 

For the first-order case the solution is 

[𝐴(𝑡)]1𝑠𝑡 = [𝐴]0𝑒
−[𝑋𝐿]0𝑘𝑡 

Accordingly, the concentration of cross-linked product is defined by the initial lysine 

concentration minus the reacted part. 

[𝐴𝑋𝐿(𝑡)] = [𝐴]0 − [𝐴(𝑡)] 

To verify when the first-order-approximation is appropriate we calculate the ratio between 

the lysine and cross-linker concentration 𝑟(𝑡) =
[𝑋𝐿(𝑡=𝑚𝑎𝑥)]

[𝐴(𝑡=𝑚𝑎𝑥)]
 at the end of our reaction where 

𝑡 = 𝑚𝑎𝑥. We can define this ratio for the first and second order-case: 

𝑟(𝑡)1𝑠𝑡 =
[𝑋𝐿(𝑡 = 𝑚𝑎𝑥)]1𝑠𝑡
[𝐴(𝑡 = 𝑚𝑎𝑥)]1𝑠𝑡

=
[𝑋𝐿]0

[𝐴(𝑡 = 𝑚𝑎𝑥)]1𝑠𝑡
=
[𝑋𝐿]0
[𝐴]0

𝑒[𝑋𝐿]0𝑘𝑡  

𝑟(𝑡)2𝑛𝑑 =
[𝑋𝐿(𝑡 = 𝑚𝑎𝑥)]2𝑛𝑑
[𝐴(𝑡 = 𝑚𝑎𝑥)]2𝑛𝑑

=
[𝑋𝐿]0
[𝐴]0

𝑒([𝑋𝐿]0−[𝐴]0)𝑘𝑡  

These ratios are plotted in Fig.2A for different initial ratios of cross-linker to lysine. When 

the two curves approach each other, we are in a good regime for accepting the first-order-

approximation. In our experiment the initial protein (and therefore lysine) amount is kept 

constant while we increase the cross-linker concentration. Our experimental cross-linker 

factors are overlaid with dotted lines. The parameter values used for the plot are found in 

the table below. 

We approach the first-order-approximation with a cross-linker factor of 8x and greater. 

When assuming an average lysine frequency of 7%(Siemion, 1994), this corresponds to 

a cross-linker-to-lysine ratio of at least 15. Most cross-linking protocols found in literature 

are in range of our 1x concentration, corresponding to a cross-linker-to-lysine ratio of ∼2.  

Note that we always presume our reaction is given enough time for complete turnover of 

the free lysines which is represented in these models by choosing a large value for 𝑡 =

𝑚𝑎𝑥 (60 minutes for the experimental lysate cross-linking). The figure should be 
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understood as visualizing a general trend as the actual values for the convergence of the 

two ratios will strongly depend on the experimental parameters. 

In a next step we look at the ratio of two cross-linked species with different abundances; 

for example representing two species inside a cell lysate. For this we define two proteins 

called B and C (or respectively their free lysines) which both react with our cross-linker. 

We use the equations of [𝐴(𝑡)]1𝑠𝑡 and [𝐴(𝑡)]2𝑛𝑑 adapted to species B and C to calculate 

the ratio of cross-linked product for the pseudo-first-order (𝑟_𝑝𝑟𝑜𝑑1𝑠𝑡) and second-order 

(𝑟_𝑝𝑟𝑜𝑑2𝑛𝑑) case: 

𝑟_𝑝𝑟𝑜𝑑(𝑡)1𝑠𝑡 =
[𝐵(𝑡)]1𝑠𝑡
[𝐶(𝑡)]1𝑠𝑡

=
[𝐵]0𝑒

−[𝑋𝐿]0𝑘𝑡

[𝐶]0𝑒−[𝑋𝐿]0𝑘𝑡
=
[𝐵]0
[𝐶]0

 

𝑟_𝑝𝑟𝑜𝑑(𝑡)2𝑛𝑑 =
[𝐵(𝑡)]2𝑛𝑑
[𝐶(𝑡)]2𝑛𝑑

=
[𝑋𝐿(𝑡)]2𝑛𝑑

[𝐵]0
[𝑋𝐿]0

𝑒([𝐵]0−[𝑋𝐿]0)𝑘𝑡

[𝑋𝐿(𝑡)]2𝑛𝑑
[𝐶]0
[𝑋𝐿]0

𝑒([𝐶]0−[𝑋𝐿]0)𝑘𝑡
=
[𝐵]0
[𝐶]0

𝑒([𝐵]0−[𝐶]0)𝑘𝑡  

The equation 𝑟_𝑝𝑟𝑜𝑑1𝑠𝑡 for the pseudo-first-order case demonstrates that under this 

regime the cross-linked ratio for our different species is just the ratio of the initial 

concentrations. However, under second-order kinetics the cross-linked ratio also depends 

on the absolute initial difference between the two species inside an exponential function 

as well as the rate constant and the time at which the reaction is stopped. To visualize this 

effect, we normalize 𝑟_𝑝𝑟𝑜𝑑2𝑛𝑑  with the initial ratio 
[𝐵]0

[𝐶]0
: 

𝑟_𝑝𝑟𝑜𝑑_𝑛𝑜𝑟𝑚(𝑡)2𝑛𝑑 = 𝑟_𝑝𝑟𝑜𝑑(𝑡)2𝑛𝑑
[𝐶]0
[𝐵]0

= 𝑒([𝐵]0−[𝐶]0)𝑘𝑡 

The above equation is plotted in Fig.2B. It uses the same parameter values for 𝑘 and 𝑡 =

𝑚𝑎𝑥 as in the previous figure while the concentration of species B is varied with species 

C always three orders of magnitude smaller (see table 1 below). The figure shows that in 

a second order regime we expect a preference for the cross-linker to react with high 

abundant proteins. It should be taken into account that, as with the previous figure, we 

just visualize a general trend; the actual magnitude of the effect depends on the values of 

all the parameters, e.g. 𝑘, 𝑡 = 𝑚𝑎𝑥, [𝐵]0, [𝐶]0. 
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From these simple models we are able to draw several conclusions. Under first-order 

conditions the amount of cross-linked protein only depends on the initial free lysine 

concentration. The initial cross-linker concentration solely influences the speed with which 

the reaction takes place. In this regime we therefore expect complete cross-linking of all 

available lysines no matter their respective abundances given enough time. The final 

ratios between the cross-linked species will be equal to the initial ratios. 

Of more interest is the case of second-order kinetics. Here the concentration of our 

product depends on the instantaneous concentration of both the free lysines as well as 

the cross-linker. The complete cross-linking of all lysines will take longer since the cross-

linker is not as readily available as in the first-order case. Additionally, we now have to 

consider hydrolysis as well. In aqueous solutions NHS-ester based cross-linkers will 

readily react with water, decreasing the amount of cross-linker available for reaction 

(Anjaneyulu et al., 1988; Presentini, 2017). This means that for our low cross-linker-to-

lysine ratios and for most literature we cannot guarantee complete cross-linking of all 

available proteins which is especially true for low-abundant proteins since high abundant 

proteins are linked preferentially. We could therefore lose cross-links in low abundant 

proteins where we might be at our detection limit already when their amount is further 

decreased by incomplete cross-linking. We propose that we can overcome this problem 

with higher cross-linker concentrations by shifting the reaction kinetics towards pseudo-

first-order, thereby reducing the preference for high-abundant proteins.  

It is important to note that our model is based on a number of simplifications. The lysine 

reactivities (and implicitly their accessibility) are just averaged and hydrolysis is also not 

taken into account. However, as we only look at the first of the two possible reaction steps 

and as a body of previous work that has extensively studied NHS-ester kinetics in water 

(Anjaneyulu et al., 1988; Presentini, 2017) conclude that hydrolysis is orders of 

magnitudes slower than the cross-link reaction itself, our model allows us to draw the 

qualitative conclusions as discussed above. 
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Table 1: Parameter values for plotting the above figures. k was taken from Anjaneyulu (Anjaneyulu et al., 

1988) (for pH 8) while the values for [𝐴]0, [𝑋]0 and t=max orient themselves at our experimental values. 

[𝐴]0, [𝐵]0, [𝐶]0 were varied within the given range. 

k/[
𝐿

𝑚𝑜𝑙∗𝑚𝑖𝑛
] t=max/[min] [𝑋]0/[mM] [𝐴]0/[mM] [𝐵]0/[mM] [𝐶]0/[mM] 

60 60 1 [1E-3, 1] [1E-3, 1] [1E-6, 1E-3] 
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Manuscript 3: 

HspB8 prevents aberrant phase transitions of FUS by stabilizing its 

folded RNA binding domain 

Julius Fürsch, Edgar Boczek, Marie Niedermeier, Kai-Michael Kammer, Simon Alberti, Anthony Hyman and 

Florian Stengel 

Abstract 

Aberrant liquid-to-solid phase transitions of biomolecular condensates have been linked 

to various neurodegenerative diseases. However, the underlying molecular mechanisms 

remain enigmatic. Here, we develop quantitative time-resolved cross-linking mass 

spectrometry to monitor protein interactions and dynamics inside condensates formed by 

the protein fused in sarcoma (FUS). We identify misfolding of the RNA recognition motif 

(RRM) of FUS as the main driver of condensate hardening. We demonstrate that the small 

heat-shock protein HspB8 partitions into FUS condensates via its intrinsically disordered 

region and prevents FUS hardening via condensate-specific interactions that are carried 

out between its α-crystallin domain (αCD) and the RRM of FUS. These interactions are 

altered in a disease-associated variant of HspB8, which abrogates the ability of HspB8 to 

prevent condensate hardening. We propose that stabilizing RNA binding proteins (RBPs) 

and particularly the aggregation-prone folded RNA-binding domains inside condensates 

by molecular chaperones may be a general mechanism to prevent aberrant phase 

transitions.  
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Introduction 

Condensate formation by liquid-liquid phase separation (LLPS) leads to local density 

changes of proteins (Banani et al., 2017; Hyman et al., 2014). Liquid condensates can 

harden and evolve into gel-like states with reduced fluidity and protein movement, leading 

to fibrillar assemblies that are often associated with disease (Aguzzi and Altmeyer, 2016; 

Patel et al., 2015). The molecular driving forces underlying these aberrant phase 

transitions remain however poorly understood. 

Here, we focus on the protein FUS (fused in sarcoma) to dissect the molecular processes 

underlying aberrant phase transitions. FUS has been a model protein to study aberrant 

phase transitions for several years (Guo et al., 2018; Hofweber et al., 2018; Patel et al., 

2015; Qamar et al., 2018; Wang et al., 2018; Yoshizawa et al., 2018). It contains an 

intrinsically disordered prion-like low complexity domain (LCD) composed of only a small 

subset of amino acids, an RNA binding domain (RBD) containing intrinsically disordered 

RGG-rich motifs, a Zinc finger (ZnF) and a folded RNA recognition motif (RRM). It has 

been shown that phase separation of FUS family proteins is driven by multivalent 

interactions among tyrosine residues within its LCD and arginine residues of their RBDs 

(Wang et al., 2018). At least part of the LCD of FUS can assemble into amyloid fibrils 

(Murray et al., 2017) and the isolated FUS-LCD can adopt a hydrogel-like state that also 

depends on amyloid-like interactions (Kato et al., 2012). By contrast, the LCD appears to 

be disordered in liquid droplets, exhibiting no detectable secondary structure (Murthy et 

al., 2019). Similar observations have been made for the LCD of hnRNPA2 (Xiang et al., 

2015). In addition to the LCD, the isolated FUS-RRM has been shown to spontaneously 

self-assemble into amyloid fibrils (Lu et al., 2017).   

FUS is recruited to stress granules (SGs), which are assemblies that form during stress 

and are composed of RNA and translation factors (Guillen-Boixet et al., 2020; Jain et al., 

2016; Markmiller et al., 2018; Sanders et al., 2020; Yang et al., 2020; Youn et al., 2018). 

There is an increasing body of evidence that the ability of SG proteins to phase separate 

forms the basis for SG assembly (Guillen-Boixet et al., 2020; Sanders et al., 2020; Yang 

et al., 2020). For instance, purified SG-residing RNA-binding proteins (RBPs) such as FUS 

phase separate into liquid droplets in vitro. These liquid droplets have physicochemical 
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properties similar to SGs in cells (Patel et al., 2015). In vitro reconstituted molecular 

condensates are metastable and harden into a gel-like and fibrillar aggregates with time 

(Patel et al., 2015). These aggregates are reminiscent of protein aggregates seen in 

patients afflicted with age-related diseases such as Amyotrophic Lateral Sclerosis (ALS) 

and frontotemporal lobar degeneration (FTLD). This process is referred to as molecular 

aging (Patel et al., 2015). Notably, the molecular aging process is accelerated by ALS-

linked mutations in FUS and other RBPs (Molliex et al., 2015; Patel et al., 2015). This 

suggests that molecular aging of liquid condensates such as SGs can be a disease 

process. 

Recent studies provided evidence for a link between SGs and small heat shock proteins 

(sHsps) (Ganassi et al., 2016; Liu et al., 2020; Mateju et al., 2017). These ATP-

independent chaperones hold unfolded proteins in a refolding-competent state and both 

their intrinsically disordered region (IDR) and folded alpha crystallin domain (αCD) 

contribute to this activity (Haslbeck et al., 2019). sHsp have been shown to accumulate in 

SGs that undergo an aberrant conversion from a liquid to a solid-like state. Moreover, 

aberrant SGs have been linked to disease and many sHsps are associated with 

neurodegenerative disorders (Vendredy et al., 2020). This suggests that chaperones such 

as sHsps may regulate the properties of SGs and presumably also the molecular aging 

process of SG proteins such as FUS.  

To investigate this idea and determine the molecular driving forces underlying the aging 

of SG proteins such as FUS, it is critical to monitor protein-protein interactions (PPIs) and 

conformational dynamics within condensates. However, this has remained a major 

challenge. In principle, proteomics and mass spectrometry (MS) should be an appropriate 

method to map condensate specific interactions but reports using MS to study LLPS 

remain scarce (Kadavath et al., 2015; Sanulli et al., 2019; Xiang et al., 2015). Recent 

studies demonstrate that proximity labelling in combination with MS is well suited to track 

the protein content of a specific molecular condensate (Markmiller et al., 2018; Youn et 

al., 2018), but it falls short in charting direct PPIs or determining exact interaction sites. 

Here, we adopt chemical cross-linking coupled to mass spectrometry (XL-MS) to study 

condensates. We and others showed previously that this approach is well suited to map 

PPIs and that relative changes in cross-linking as probed by quantitative XL-MS (qXL-MS) 
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can provide a structural understanding of protein dynamics (N. Patel et al., 2017; Sailer et 

al., 2018; Walker-Gray et al., 2017; Yu and Huang, 2018)  

In this study, we utilize qXL-MS to directly and specifically probe PPIs inside condensates 

and combine it with a biochemical approach using purified proteins to reconstitute a 

chaperone-mediated quality control mechanism associated with RNP granules. We find 

that the sHsp HspB8 is specifically targeted to FUS condensates in vitro and to SGs in 

vivo via its intrinsically disordered N-terminal region. We show that HspB8 maintains the 

liquid-like properties of FUS condensates and prevents hardening and fiber formation. 

Inside condensates, HspB8 undergoes specific interactions with both the RBD and the 

LCD of FUS. By using a time-resolved qXL-MS approach and a RRM deletion mutant in 

microscopic experiments, we find that unfolding of the RRM drives FUS aggregation and 

that binding of the HspB8-αCD to the RRM prevents FUS hardening. Importantly, a 

disease-associated HspB8 variant exhibits a severely altered interaction pattern with FUS 

and fails to prevent FUS hardening. In summary, we identify the RRM domain of FUS as 

the key driver of condensate hardening and we reveal an important role for HspB8 in 

preventing aberrant phase transitions by engaging with the misfolded RRM domain.  
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Results 

Quantitative and time-resolved XL-MS reveal domain-specific changes of FUS 

during condensate formation and molecular aging 

As the formation and maturation of biomolecular condensates is of fundamental relevance 

to biology and a disease-associated process, it is critical to understand the underlying 

molecular interactions. Being able to reconstitute in vitro critical parts of the chaperone-

mediated control machinery associated with SGs allows us to obtain unprecedented 

mechanistic insights into the molecular organization and dynamics of condensates. 

Reconstituted condensate reactions were subjected to our newly devised XL-MS platform 

to monitor the molecular PPIs between condensate components. XL-MS uses covalent 

bonds formed by cross-linking reagents in order to identify cross-linking sites by MS that 

reflect the spatial proximity of regions within a given protein (intra-links) or between 

different proteins or subunits in a protein complex (inter-links). 

We started out by preparing two reactions with FUS-G156E protein (Patel et al., 2015) 

(called FUS throughout this manuscript). In a first reaction we diluted the protein into a low 

salt solution, which induces phase separation. In a second reaction we diluted FUS into a 

high salt buffer, which prevents phase separation. We then cross-linked the protein in both 

reactions with disuccinimidyl suberate (DSS), reacting with primary amines at its 

N-terminus and lysine residues. Following quenching, we digested the protein with a 

protease and subjected equal amounts of peptides to MS analysis. Identification and 

quantification of cross-linked peptides and comparison between the two separate 

reactions revealed condensate-specific cross-link patterns (Figure 1A).  

In contrast to classical protein complex interactions, the transient interactions between the 

condensate components are hard to detect and require fine-tuning of current XL-MS 

protocols in order to be faithfully detected. We therefore combined the results from three 

biologically independent sets of experiments (i.e. different batches of protein), each 

consisting of independent triplicate measurements (i.e. separate cross-linking and sample 

purification) in one integrated analysis instead of the single triplicate measurement 

conventionally used for qXL-MS (Figure 1B, Supplementary Data 1).  Only unique cross-

linking sites (uxIDs) that were consistently up- or downregulated within the condensed 
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relative to the dilute phase, were considered overall significant (and thus highlighted with 

a green or red background rectangle in Figure 1B). This way, we were able to dissect 

very robust and reproducible dynamic trends for FUS during condensate formation 

(Figure 1B, Figure S1A). 

We found that the overall cross-link pattern of FUS differs significantly in its condensed 

and diffuse states (Figure 1B). This suggests that FUS is undergoing conformational 

changes during LLPS that change the accessibility of specific lysine residues. As the most 

prominent feature we identify multiple links within the RRM domain of FUS that were 

increased inside the condensates. Additionally, links between the RRM domain and the 

NLS were increased, while links within the Zinc-finger were decreased. Taken together, 

we find that the cross-linking pattern in FUS is significantly altered upon droplet formation 

and that this change happens in a domain-specific way. 

The RRM domain undergoes specific changes during molecular aging  

It has been shown previously that FUS condensates undergo molecular aging in vitro and 

convert from a liquid to a solid state over time. This conversion is accelerated by mutations 

associated with ALS (Patel et al., 2015). To study protein dynamics and conformational 

changes during aging, we devised a time-resolved quantitative XL-MS approach (Figure 

1C). To increase the assay resolution, we significantly shortened conventionally used 

cross-linking times (Iacobucci et al., 2019), which yielded reproducible and sufficient 

cross-linking products (Figure S1B). We next made sure that all stages of the aging 

process of FUS were fully amenable to our qXL-MS approach (Figure S1C). We then 

monitored the conversion of fresh FUS-GFP condensates towards the gel state and their 

eventual conversion into fibers by fluorescence microscopy (Figure 1C). At indicated 

timepoints the assemblies were cross-linked and analyzed by MS. We looked at 11 time 

points during the aging process and consistently quantified 77 cross-links relative to fresh 

condensates (T1) (Supplementary Data 2). A global view of all quantified cross-linking 

sites shows that the vast majority of changes is happening during the fiber states (Figure 

S1D). While a detailed view of representative cross-linking sites that exhibit a typical 

behavior for a specific domain (meaning that all significantly regulated cross-linking sites 

within this domain show a similar trend) shows that mainly cross-linking sites within or 

associated with the RRM domain change during aging (Figure 1D). Taken together we 
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find that major changes during aging take place inside the RRM and during the conversion 

to the fiber state (Figure 1D, S1C, S1D and S1E). 
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Figure 1. Quantitative and time-resolved XL-MS reveal domain-specific changes of FUS during 

condensate formation and molecular aging: (A) Workflow of quantitative cross-linking coupled to mass 

spectrometry (qXL-MS) of FUS condensates. (B) Cross-link abundance plot from reconstituted FUS 

condensates.  Plotted are the relative enrichment (droplet vs non-droplet) for each unique cross-linking site 

(y-axis) sorted according to the known domain structure within FUS (x-axis). Shown are only high confidence 

cross-linking sites (see methods for details) from three biologically independent sets of experiments (n=3; 

circles in different shades of grey). Cross-linking sites that were consistently up – or downregulated two-fold 

or more (log2ratio ≥ 1 or ≤ -1 and FDR ≤ 0.05) in at least two out of three biological replicate sets and in 

addition contained no opposing regulation in any replicate set were considered significant and are 

highlighted with a green (enriched in droplets) or red background rectangle (decreased in droplets). All other 

changes in cross-linking abundances were considered insignificant and are shown on grey background. The 

significance threshold of two-fold enrichment is indicated as dashed red lines. (C) Workflow for stage and 

time-resolved qXL-MS. The conversion of fresh FUS-GFP condensates towards the gel state and their 

eventual conversion into fibers was monitored by fluorescence microscopy. At indicated timepoints (see 

methods) aliquots of the stock solution were cross-linked for 5 minutes, flash-frozen in liquid nitrogen and 

subsequently analyzed by MS (for details see STAR methods). (D) Shown are representative unique cross-

linking sites (uxIDs) that were chosen because they show a typical behavior for a specific domain - meaning 

that all significantly regulated uxIDs within this domain show a similar trend. The log2 of the total MS1 area 

for each time point is plotted. Number in each intersection indicates the number of data points used to 

calculate SD (n=6). Domain structures within FUS are color-coded as in Figure 1B. 
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Figure S1: (A) Statistical validation of cross-linking data. Left Panel shows the relationship between the 

log2ratio and FDR for qXL-MS data. FDR values are p-values corrected for multiple testing (see STAR 

Methods for details). Significant cross-links are shown in the blue-shaded area (log2ratio ≥ 1 or ≤ -1 and 

FDR ≤ 0.05). The majority of cross-links with log2ratio between 1 and -1 have a high FDR value showing 

an insignificant change. The Middle Panel shows that quantifications are highly reproducible within triplicate 

measurements. Plotted is the absolute mean MS1 peak area per cross-link and experiment in log2-scale 

(where the mean is made up of the light and heavy state and the biological replicates of a cross-link) (x-

axis) versus the relative standard deviation of the mean (y-axis). It increases with a decreasing mean but 

remains below 10% for nearly all cross-links. The Right Panel shows that the overall distribution of log2ratios 
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is centered around 0, confirming that the data has no systematic bias. (B) Significantly shorter cross-linking 

time periods than conventionally used lead to reproducible and sufficient cross-linking yields. A test protein 

was cross-linked for different time periods (1 min, 5 min and the standard 30 min) before the reaction was 

quenched and cross-links were identified by LC MS/MS (data for two biological replicates are shown). In 

order to minimize the induced error rate due to sample handling, a cross-linking period of 5 minutes was 

chosen for all timepoints. (C) Overall cross-linking pattern of FUS from fresh droplets (T1 = 0 hrs) (upper 

panel) and the final aggregation stage (T11 = 24 hrs) (lower panel) reveals a similar overall cross-linking 

status. Experiments were carried out in triplicates and cross-links were only considered, if they were 

identified in two out of three replicates with a deltaS < 0.95, a minimum Id score ≥ 20 and an ld score ≥ 25 

in at least one replicate (filtering was done on the level of the unique cross-linking site) and a FDR < 0.05. 

Intra-links, mono-links (flag) and loop-links (triangle) are shown in violet, homodimeric links are shown as 

red loops. In cases where a loop-link and a homodimeric link are identified on the same lysine, this is 

indicated by a red triangle pointed downwards. (D) Overview plot of all cross-links consistently quantified 

over 11 timepoints during the aging process. Cross-links with a significant change relative to fresh 

condensates (T1) (log2ratio ≥ 1 or ≤ -1 and FDR ≤ 0.05) were colored orange while non-significant cross-

links were colored blue. (E) Comparison of the overall differential cross-linking pattern from FUS from the 

final aggregation stage (T11 = 24 hrs) versus fresh droplets (T1 = 0 hrs). Cross-linking sites that were up – 

or downregulated two-fold or more (log2ratio ≥ ±1.0 and FDR ≤ 0.05) were considered significant and are 

highlighted in green (i.e. relative enrichment in final aggregation stage) or red (i.e. fresh droplets). All other 

changes in cross-linking abundances were considered insignificant and are shown in grey background.   

The small heat shock protein HspB8 partitions into FUS condensates in vitro 

sHsps are ATP-independent chaperones and are structurally divided into an N-terminal 

intrinsically disordered region (IDR) and a folded chaperone domain called α-crystallin 

domain (αCD). They were recently shown to play a role in preventing the formation of 

aberrant SGs (Liu et al., 2020; Mateju et al., 2017). We purified HspB8 and HspB1 (Figure 

S2A) and looked at their interaction with FUS condensates in vitro. A titration experiment 

revealed that adding the chaperones to FUS droplets resulted in an increased volume 

fraction of the condensed phase in the presence of HspB8, while HspB1 had no effect on 

the appearance of the droplets (Figure S2B). These results indicate that these 

chaperones interact differently with FUS droplets. We used labelled recombinant HspB1 

to look at its interaction with FUS condensates and did not find HspB1 to strongly 

accumulate in the condensed phase (Figure 2C), while a plot profile shows that the HspB1 

fluorescence signal does not superimpose with the FUS-GFP signal in the condensates 

(Figure 2D). We then used fluorescently labeled HspB8 and found that it was sequestered 
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into reconstituted FUS condensates (Figure 2A) and its fluorescence signal 

superimposed with the FUS-GFP signal (Figure 2B). This suggests that HspB8, but not 

HspB1, interacts with FUS within the condensed phase. HspB8 did not form droplets on 

its own under these conditions (Figure S2C). Using the fluorescence signal of labeled 

HspB8 and a calibration curve, we determined the concentration of HspB8 inside FUS 

condensates to be 2.4 mM (Figures S2D & S2E). 

Interactions between the αCD of HspB8 and the RRM domain of FUS are specifically 

established inside the condensate 

To test for a potential interaction between HspB8 and FUS in the dilute phase, we 

conducted microscale thermophoresis under conditions at which both proteins do not 

phase separate. This method is able to detect PPIs in the pico- to mid micromolar range 

(Jerabek-Willemsen et al., 2011). While FUS tightly bound to the SG protein Taf-15 with 

a KD of 260 nM, there was no detectable interaction between HspB8 and FUS, even at a 

chaperone concentration of 120 µM (Figure S2F). This suggests that HspB8 specifically 

interacts with FUS inside the condensed phase. 

We then used XL-MS to probe the PPIs inside the condensates. We cross-linked 

reconstituted condensates formed by FUS and HspB8 and subsequently separated the 

condensed from the dilute phase by centrifugation to dispose of any remaining dilute 

phase in the reactions prior to MS analysis. Inter-links predominantly formed inside the 

condensates, with the majority of inter-links being detected between the αCD of HspB8 

and the RRM of FUS, and to a lesser degree with the FUS-NLS (Figure 2E, 

Supplementary Data 3). Only a low number of HspB8-FUS inter-links were found in the 

dilute phase.  Generally, a comparable number of intra-links for both proteins was detected 

in both fractions, indicating that similar and sufficient amounts of FUS and HspB8 were 

present in both the dilute and in the condensed phase.  

A highly comparable cross-linking pattern was obtained when triplicates of recombinant 

FUS and HspB8 were cross-linked as controls under identical high salt (500 mM KCl) and 

low salt (75 mM KCl) conditions as used for the microscopy experiments above (Figure 

2A, 2B) and subjected to subsequent analysis by LC-MS/MS without fractionation of the 

two phases (Figure S2G, Supplementary Data 3). In low salt conditions, exclusively 

inter-links between the αCD of HspB8 and the RRM of FUS are formed, while in high salt 
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buffer, only a few disjointed inter-links can be detected. We as well did not detect a single 

RRM-αCD inter-link in the dilute phase during two further biologically independent 

experiments that were carried out under low salt and high salt conditions. Therefore, the 

single RRM-αCD inter-links (Figure 2E) in the centrifuge experiments could as well arise 

from incomplete separation of pellet and supernatant. Together with our biochemical 

interaction data, these findings strongly reinforce a condensate-specific interaction 

between HspB8 and FUS in which the αCD and RRM interface is of high relevance.  

As an additional control we investigated the interaction between FUS and alpha-

lactalbumin in triplicate measurements. Lactalbumin is a molten globule protein that 

partitions into condensates formed by FUS likely mediated by unspecific interactions 

between partially exposed hydrophobic patches in the client and the condensate scaffold 

protein (Figure S2H). When reactions containing the condensed and the dilute phases of 

lactalbumin and FUS were separated by centrifugation and analyzed by XL-MS, we found 

a far smaller difference between the inter-link patterns of dilute and condensed phase than 

in a comparable FUSHspB8 centrifuge experiments under equal conditions. This suggests 

that in contrast to the HspB8-FUS interaction, partitioning of lactalbumin into FUS 

condensates is mediated via unspecific interactions (Figure S2I, Supplementary Data 3).  

FUS contains no lysine residues within its LCD which are amenable to our NHS-ester 

cross-linker. Thus, we generated a FUS with an additional “26” lysines in the LCD. We 

then cross-linked this mutant with HspB8 in the condensed and in the dilute state (Figure 

S2J, Supplementary Data 3). In the condensed phase the number of inter-links between 

the LCD of FUS and both the IDR and the αCD of HspB8 was strongly increased, 

confirming previous results on the role of the LCD during phase separation (Wang et al., 

2018). Importantly, the only inter-links that exclusively formed inside the condensates 

were between the αCD of HspB8 and the RRM of FUS. 

Taken together, using XL-MS we can detect weak transient interactions between HspB8 

and the FUS-LCD and the FUS-RRM outside of condensates. However, these interactions 

are not sufficient to drive the formation of a stable complex in the dilute phase. While the 

HspB8-IDR::FUS-LCD and the HspB8-αCD::FUS-LCD interactions are increased in the 

condensed state, condensate-specific interactions are exclusively formed between the 

HspB8-αCD and the RRM of FUS (Figure 2F). 
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Figure 2. Interactions between the αCD of HspB8 and the RRM domain of FUS are specifically 

established inside the condensate: (A) 0.25 µM Cy3-labelled HspB1, 4.75 µM unlabeled HspB1 (1:20 

mix) and 5 µM FUS-GFP were mixed in low salt buffer and the resulting droplets were imaged in a confocal 

microscope. (B) Fluorescence intensity plot profile spanning a FUS-HspB1 droplet in (A). (C) 0.25 µM Cy3-

labelled HspB8, 4.75 µM unlabeled HspB8 (1:20 mix) and 5 µM FUS-GFP were mixed in low salt buffer and 

imaged in a confocal microscope. (D) Fluorescence intensity plot profile spanning a FUS-HspB8 droplet in 

(C). (E) Overall cross-linking pattern of mixtures of FUS and HspB8 cross-linked under condensates 

inducing low salt conditions (75 mM) separated into the dilute phase (left) and condensed phase (right) by 

centrifugation. Experiments were carried out in three biologically independent sets of experiments (meaning 

separate batches of expressed protein). For one set of experiments each sample was independently cross-

linked in triplicates and cross-links were only considered, if they were identified in two out of three replicates 

with a deltaS < 0.95, a minimum Id score ≥ 20 and an ld score ≥ 25 in at least one replicate (filtering was 

done on the level of the unique cross-linking site) and an FDR ≤ 0.05. Inter-links are shown in black and the 

total number of identifications is indicated by the thickness of the connection. Intra-links are shown in violet, 

mono-links with a flag, loop links with a pointed triangle and homodimeric links with a red loop. Cases where 

a loop-link and a homodimeric link were identified on the same lysine are indicated by a red triangle pointed 

downwards. LCD, RGG, RRM, ZnF and NLS of FUS are shown in different shades of brown and blue, 

respectively. Regions in HspB8 representing the IDR, αCD and the CTD are colored in dark violet and dark 

and light blue. (F) Representative overview of observed cross-links between the LCD and RRM domains in 

FUS and the IDR and αCD domains in HspB8 in the dilute and the condensed phase as detected by XL-MS 

(based on Figure 2E, S2G and S2J).  
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Figure S2: (A) SDS-PAGE of purified FUS-GFP, HspB8 and HspB1 proteins used in this study. (B) 

Fluorescence microscopy images of FUS condensates in the presence of different amounts of HspB1 or 

HspB8. (C) 5 µM HspB8 (1:20 mix of Cy3-labelled:unlabelled) in the absence and presence of 5 µM FUS, 

Cy3 channel is shown. (D) Calibration curve for pure Cy3-labelled HspB8 in the absence of condensates. 

(E) Cy3 fluorescence signal inside condensates formed by 5 µM FUS in the presence of different ratios of 

Cy3-labelled and unlabelled HspB8. The Cy3 fluorescence signal inside the condensates is linear up to a 

ratio of 1:20 of labelled:unlabelled HspB8 (labelled HspB8 fraction of 0.05). (F) Protein-protein interaction 

assessed under non-phase separating conditions (500 mM KCl) by Microscale Thermophoresis of 33 nM 

FUS-GFP and HspB8 (left panel) and Taf-15 (right panel). (G) Overall cross-linking pattern from mixtures of 

recombinant FUS and HspB8 under high salt (500 mM KCl) (left) and condensate inducing low salt (75 mM 

KCl) (right) conditions that were directly subjected to XL-MS analysis after cross-linking. (H) Microscopic 

images of FUS and lactalbumin under condensate inducing high salt conditions (500 mM KCl). (I) Overall 

cross-linking pattern of mixtures of FUS and lactalbumin that were cross-linked under condensate inducing 

low salt conditions (75 mM) and that were separated into the dilute phase (left) and condensed phase (right) 

by centrifugation and prior to MS analysis. (J) Overall cross-linking pattern of mixtures of recombinant 

FUS_K9 mutant and HspB8 under high salt (500 mM KCl) (left) and condensate inducing low salt (75 mM 

KCl) (right) conditions that were directly subjected to XL-MS analysis after cross-linking. (G, I and J) 

Samples were independently cross-linked in triplicates and cross-links were only considered, if they were 

identified in two out of three replicates with a deltaS < 0.95, a minimum Id score ≥ 20 and an ld score ≥ 25 

in at least one replicate (filtering was done on the level of the unique cross-linking site) and an FDR ≤ 0.05. 

Inter-links are shown in black, Intra-links are shown in violet, mono-links with a flag, loop links with a pointed 

triangle and homodimeric links with a red loop. Cases where a loop-link and a homodimeric link were 

identified on the same lysine are indicated by a red triangle pointed downwards. LCD, RGG, RRM, ZnF and 

NLS of FUS are shown in different shades of brown and blue, respectively. Regions in HspB8 representing 

the IDR, αCD and the CTD are colored in dark violet and dark and light blue.  

HspB8 prevents the hardening of FUS droplets and keeps them dynamic 

To understand the role of HspB8 in influencing the aging of FUS condensates, we 

continued by characterizing the aging properties of FUS. During aging of FUS, several 

different remarkable changes are observed and can be exploited to monitor the process. 

The first change in properties during the aging process of FUS droplets is the material 

turnover, which serves as a measure for their dynamics. With progressive aging, the 

condensates steadily solidify and FUS molecules experience a reduction in their mobility. 

Using fluorescence recovery after photobleaching (FRAP), this turnover can be quantified 

and provides insight into the material state of the condensed phase (Figure 3A). While 

FUS condensates turn over their material quickly, solidified FUS gels showed no FRAP 
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recovery after 5 hours (Figure 3B Figure S3A). When we added HspB8 to FUS, it 

decreased the initial recovery of freshly formed condensates (Figure 3C, Figure S3B). A 

titration revealed that this effect was reached with an EC50 of 1.5 µM HspB8 (Figure 

S3C). The full effect was observed at a HspB8:FUS ratio of 1:2 (Figure S3C), indicating 

a possible 1:2 stoichiometry of the FUS-HspB8 interaction inside the condensate. 

Remarkably, when we measured FRAP recovery of FUS-HspB8 droplets after 5 hours of 

aging, we found that the material turnover was not changed (Figure 3C, Figure S3B). A 

time course experiment revealed that HspB8 retained FUS liquidity over a time span of 24 

hours (Figure 3D). When we tested the material exchange between the droplet and the 

dilute phase by a full FRAP approach (Figure S3D) we found that HspB8 also slowed 

down this process (Figure S3E).  

We conclude that HspB8 slows down the internal mobility and the exchange between 

inner and outer phase of FUS and keeps the droplets from solidification over long time 

spans. These results indicate a strong interaction between the chaperone and the FUS 

molecules inside the droplet, in line with our XL-MS experiments. 

The second change during the aging process is the incidence of droplet coalescence. 

While the droplets age, droplet coalescence slows down, and the droplets stop fusing 

when they enter a gel state. By counting the fusion and non-fusion events using an optical 

trap, this aspect of the aging process can be quantified (Figure 3E). When we monitored 

FUS droplet fusions over time, we observed that the aging process reduced the incidence 

of fusions with a half-time of about 1.5 hours (Figure 3F). Plotting the relaxation times 

during fusions showed that solidification starts early during the experiment eventually 

preventing fusion events altogether (Figure 3G). When we added HspB8, FUS droplets 

were able to fuse even after 6 hours (Figure 3F) and the relaxation times of the fusions 

were not affected (Figure 3G). In addition, hardened FUS droplets became sticky and 

formed amorphous assemblies (Figure 3H). This process was prevented by HspB8 

(Figure 3H). These results indicate that HspB8 alters the physical properties of FUS 

droplets.  

In order to investigate the molecular effect of HspB8 on the phase separation and 

hardening process of FUS, we conducted qXL-MS experiments in the presence of HspB8 

(Figure 3I; for a direct comparison of the overall differential cross-linking pattern from 
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fresh condensates containing FUS and HspB8 or FUS only, see Figure S3F). We find that 

previously observed cross-link patterns for pure FUS droplets were reiterated in fresh 

condensates formed by a mixture of FUS and HspB8 (Figure 3I, Supplementary Data 4). 

These include upregulated cross-links within the RRM and to a lesser extent cross-links 

spanning from the RRM to the NLS. In addition, we find additional changes that were not 

detected in pure FUS condensates between the RRM and the RGG and the ZnF as well 

as within the ZnF and between the ZnF and the NLS. Our qXL-MS data therefore suggest 

that binding of HspB8 helps to stabilize the RRM conformation which FUS occupies in 

droplets but as well induces changes on a structural level in RRM-associated regions and 

other parts of FUS. These changes potentially could be one of the molecular causes for 

the above described influence of HspB8 on the FUS dynamics. In a separate experiment 

we cross-linked HspB8:FUS condensates after an incubation time of 3 hours. Again, we 

could detect cross-links between the FUS-RRM and the HspB8-αCD, suggesting that this 

interface is maintained over time and further indicating a role for a stabilizing effect of 

HspB8 on the FUS-RRM (Figure S3G). We as well quantified this condition versus freshly 

formed FUS:HspB8 droplets as a control to make sure that we do not see RRM associated 

changes as for FUS alone (compare Figure 1D, Figure S3H, Supplementary Data 4). 

The data clearly show no change in cross-link abundance of RRM links however the total 

number of detected cross-links was low in that experiment. This potentially means that 

HspB8 inhibits changes occurring within the RRM on a structural level while molecular 

aging. 
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Figure 3. HspB8 prevents the hardening of FUS droplets and keeps them dynamic: (A) Outline of a 

half-bleach fluorescence recovery after photobleaching (FRAP) experiments. In a dynamic system, the 

bleached area of the droplet will recover due to diffusion of labelled protein from inside and outside of the 

droplet into the bleached area. (B) FRAP experiment of fresh FUS condensates (0 hours) and condensates 

incubated for 5 hours. A kymograph shown below illustrates the kinetics of the process. (C) FRAP 

experiment of fresh FUS condensates mixed with HspB8 (0 hours) and of the same mixture incubated for 5 

hours. A kymograph shown below illustrates the kinetics of the process. (D) Kinetics of the FUS aging 

process. Plotted are the initial slopes of the FRAP recovery curves for FUS condensates in the absence 

(black) or presence of HspB8 (red). (E) Schematic of controlled droplet fusion experiments, in which two 

droplets are optically trapped and brought into contact. Material flow during coalescence is observed as a 

change in the differential laser signal (blue region), from which the coalescence relaxation time is derived. 

Tweezer experiments were performed with fresh samples of 5 μM FUS with or without 20 μM HspB8. (F) 

Successful complete fusion events were registered over time, demonstrating the aging process of the FUS 

sample in the absence (turquoise, N = 40) or the presence of HspB8 (yellow, N = 330). The half-life of liquid-

like FUS condensates alone was estimated to be around 1.5 h from logistic regression. (G) The size-

normalized coalescence relaxation time is an indicator for the material state of the condensates. While it 

increases for FUS condensates during the hardening process, it stays constant over 6 hours in the presence 

of HspB8. (H) Representative images of attempted fusion events at early and late stages. Attempts to fuse 

several droplets of FUS condensates after hardening results in large amorphous assemblies (red arrow). 

Scale bar: 3 μm. (I) Cross-link abundance plot from reconstituted FUS:HspB8 condensates. Plotted are the 

relative enrichment (droplet vs non-droplet) for each unique cross-linking site (y-axis) sorted according to 

the known domain structure within FUS. Shown are only high confidence cross-linking sites (see methods 

for details) from five biologically independent sets of experiments (n=5; circles in different shades of grey). 

Cross-linking sites that were consistently up – or downregulated two-fold or more (log2ratio ≥ 1 or ≤ -1 and 

FDR ≤ 0.05) in at least two out of five biological replicate sets of experiments and in addition contained no 

opposing regulation in any replicate set were considered significant and are highlighted with a green 

(enriched in droplets) or red background rectangle (decreased in droplets). All other changes in cross-linking 

abundances were considered insignificant and are shown on grey background. The significance threshold 

of two-fold enrichment is indicated as dashed red lines.  
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Figure S3: (A) Quantification of a half-bleach FRAP experiment of fresh FUS condensates (black) and 

condensates incubated for 5 hours (red). (B) Same experiment as in (A) in the presence of 5 µM HspB8. 

(C) HspB8-dependent decrease in mobility. Plotted are the initial slopes of the FRAP recovery curves for 

FUS condensates in the presence of different concentrations of HspB8. (D) Outline of full-bleach 

Fluorescence recovery after photobleaching (FRAP) experiments. In a dynamic system, the bleached area 

of the droplet will recover due to diffusion of labelled protein from dilute phase into the bleached droplet. (E) 

Quantification of a full-bleach FRAP experiment of fresh FUS condensates in the absence (black) and 

presence of 5 µM HspB8 (red). (F) Direct comparison of the overall differential cross-linking pattern from the 

condensed phase versus the dilute phase from FUS only (left) or FUS:HspB8 (right) condensates. Cross-

linking sites that were consistently up – or downregulated two-fold or more (log2ratio ≥ ±1.0 and FDR ≤ 0.05) 

were considered significant and are highlighted in green (i.e. relative enrichment in condensed state) or red 

(i.e. relative enrichment in dilute state). All other changes in cross-linking abundances were considered 

insignificant and are shown in grey background. (G) Overall cross-linking pattern of FUS: HspB8 

condensates that were allowed to mature and that were cross-linked only 3 hours after their initial formation. 

(H) Cross-link abundance plot for 3 hours matured FUS:HspB8 condensates versus fresh FUS:HspB8 

condensates. Plotted are the relative enrichment for each unique cross-linking site (y-axis) for the RRM of 

FUS (x-axis). Shown are only high confidence cross-linking sites (see methods for details) of one experiment 

consisting of triplicates. No cross-linking site was judged as significantly changed (log2ratio ≥ 1 or ≤ -1 and 

FDR ≤ 0.05).  

HspB8 prevents fiber formation of FUS 

The third and most remarkable change during aging is the morphological transition of 

liquid FUS condensates into solid gels and eventually into fibers. For the FUS mutant 

studied here, first fibers were observed after 5 hours, whereas it took 12 hours to 

completely convert FUS into fibers (Figure 4A, upper panel). When we added HspB8, we 

could observe circular droplets even after 12 hours of incubation without any aggregation 

or fiber formation (Figure 4A, lower panel). To understand this protective role of HspB8 in 

more detail, we used pre-aged FUS gels as a seed and then changed the solution against 

fresh FUS condensates in the presence or absence of HspB8 and watched fiber growth 

of FUS over time. We found strong fiber growth in the absence of HspB8 (Figure 4B, 

Suppl. Movie). Thereby, the FUS gel acted as a seed for the formation of FUS fibers 

(Suppl. Movie). While the fibers were growing, the droplets shrunk, indicating that fibers 

are formed by the addition of FUS monomers to the seed which acted as a sink (Figure 

4B, Suppl. Movie). The presence of HspB8 in the reaction prevented fiber growth and 

arrested pre-aged FUS in its solid gel-like state (Figure 4C, Suppl. Movie). This correlates 
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with a direct interaction of HspB8 and FUS gels (Figure S4A). When we titrated HspB8 

during an aging assay, we found that at low concentrations of the chaperone, the ability 

to prevent fiber formation was impaired (Figure 4D). However, we did not observe fiber 

formation above a HspB8 concentration of 125 nM during the experiment. 

The disordered region of HspB8 directs the α-crystallin domain into FUS 

condensates for proper chaperoning 

Many phase separating proteins are intrinsically disordered. sHsps consist of a αCD and 

flanking regions that are thought to be intrinsically disordered. When we used an algorithm 

to predict disorder in HspB8, we found that except for the αCD a large portion of the 

chaperone is predicted to be disordered (Figure S4B). The equivalent analysis of HspB1 

predicted much less disorder (Figure S4C). In line with this, when we analyzed the 

secondary structure of HspB8 using circular dichroism (αCD), we found that it showed the 

typical spectrum of a disordered protein (Figure S4D), while the analysis of HspB1 

revealed mainly beta-sheet content (Figure S4E). 

To understand the differences between the two closely related sHsps HspB8 and HspB1, 

we produced chimera fusing the IDR of each protein to the αCD of the alternating one 

(Figure S4F). We found that fusion of the HspB1-IDR to the HspB8-αCD in IDR1αCD8 

led to abrogation of partitioning of this construct into FUS condensates (Figure S4G). In 

contrast, fusing the HspB8-IDR to the HspB1-αCD in IDR8αCD1 led to partitioning of the 

HspB1-αCD into FUS condensates (Figure S4G). Quantification of the partitioning of the 

different constructs revealed that exchange of the αCD in IDR8αCD1 decreased the 

sequestration of this construct to about 30 % of the HspB8 wildtype ones (Figure S4H). 

Thus, the αCD in HspB8 is a contributing factor but is not able to partition into FUS 

condensates by itself. 

Neither IDR1αCD8 nor IDR8αCD1 were active in preventing FUS conversion into fibers 

as revealed by an aging assay (Figure S4I), although IDR1αCD8 was slightly more active 

at high concentrations (Figure S4J). FRAP analysis showed that IDR8αCD1 had no 

activity in preventing FUS gelation. However, IDR1αCD8 showed slight activity (Figure 

S4K), indicating that a low concentration of the HspB8-αCD inside FUS condensates 

(Figure S4H) results in a low activity. 
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In order to dissect the influence of the conserved αCD and the disordered IDR on the 

aging process of FUS, we designed additional SNAP fusion constructs. In one construct 

we fused the IDR of HspB8 to a SNAP-tag and in another one we fused the αCD of HspB8 

to a SNAP-tag (Figure 4E). The SNAP-tag was fluorescently labelled with the fluorophore 

Alexa-561. The IDR-SNAP fusion was still recruited to FUS condensates (Figure 4F). In 

contrast, the αCD-SNAP variant lacking the disordered domain did no longer partition 

(Figure 4F). A lowered partitioning of IDR-SNAP compared to the full-length construct 

again indicates a contribution of the αCD in this context (Figure S4L). Neither IDR nor 

αCD were active in preventing the conversion of FUS into fibers, while the SNAP-tag on 

full length HspB8 did not interfere with its activity (Figure 4G). 

Reminiscent of the results with IDR1αCD8 and IDR8αCD1, the HspB8-IDR fused to a 

SNAP-tag showed no activity in preventing FUS aging (Figure S4M). However, αCD-

SNAP showed a slight activity at high concentrations (Figure S4M). These observations 

were reflected in a FRAP assay (Figure S4N). While αCD-SNAP showed a slight activity, 

IDR-SNAP was inactive in preventing FUS gelation (Figure S4N). A partitioning analysis 

of these mutants with droplets formed only by the LCD of FUS (AA1-211) under crowding 

conditions revealed a similar partitioning pattern as compared to full length FUS (Figure 

S4O). This indicates an interaction between the IDR of HspB8 and the LCD of FUS. 

These results suggest that the IDR of HspB8 targets the αCD to the condensed phase via 

interaction with the LCD of phase separated FUS and that the HspB8-αCD is then the 

active domain in preventing FUS aging. 

Arginines in the disordered region of HspB8 direct the αCD into FUS condensates 

Recent studies identified interactions between tyrosines in the LCD and arginines in the 

RBD of FUS to be crucial for its ability to phase separate (Wang et al., 2018). Because 

HspB8 partitions into condensates formed only by the FUS-LCD (Figure S4O), we 

hypothesized that HspB8 could interact with the tyrosines in the LCD of FUS. To this end, 

we tested the partitioning of HspB8 into a mutant of FUS with a decreased number of 

tyrosines in the FUS-LCD. FUS wildtype has 27 tyrosines in its LCD. Mutating all of these 

to serines in the 0 Y mutant abrogates phase separation, but the 17 Y FUS mutant still 

phase separates (Wang et al., Figure 4H). Interestingly, partitioning of HspB8 was 

significantly reduced for FUS condensates formed by the 17 Y mutant (Figure 4H), 
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suggesting that tyrosines in the FUS-LCD interact with HspB8. Next, we analyzed the 

sequence of HspB8 in order to find a specific element governing HspB8-FUS interaction. 

We found 10 arginines in the IDR of HspB8 (Figure 4I). We exchanged these for glycines 

resulting in the 0 R mutant of HspB8. This mutant did not accumulate in FUS droplets in 

vitro (Figure 4J) and did not partition into SGs in cells contrary to the HspB8-WT (Figure 

4K). Finally, when we tested the 0 R mutant of HspB8 in a FUS aging assay we found that 

its ability to prevent fiber formation was completely abolished (Figure 4L). 
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Figure 4. HspB8 prevents fiber formation of FUS: (A) Aging process of 5 µM FUS condensates in the 

absence and presence of 5 µM HspB8. In the presence of the chaperone the droplet morphology is 

maintained over the whole timeframe of the experiment (12 hours). (B) Shown is the total area of droplet 

material (green line) or fibrous material (red line) within FUS droplets as a function of time after FUS droplets 

were added to existing fibrous material. Spacing between data points is 30 min. (C) Shown is the total area 

of droplet material (green line) and fibrous material (red line) within FUS droplets as a function of time after 

FUS droplets and HspB8 were added to existing fibrous material. Spacing between data points is 30 min. 

(D) The onset of FUS fiber formation as a function of HspB8 concentration. (E) Overview of HspB8 truncation 

mutants used in this study. FL (full-length HspB8 fused to a SNAP-tag), αCD (HspB8 alpha-crystallin domain 

(AA72-196) fused to a SNAP-tag), IDR (HspB8-N-terminus (AA1-71) fused to a SNAP-tag). (F) Partitioning 

of 5 µM HspB8 truncation mutants (1:20 mix of labelled:unlabelled) into 5 µM FUS condensates. (G) Aging 

assay of 5 µM FUS condensates in the absence (ctrl) and presence of 5 µM HspB8 truncation mutants. (H) 

Partitioning of 5 µM HspB8 (1:20 mix of labelled:unlabelled) into condensates formed by 5 µM FUS wildtype 

(27Y, WT) or a mutant with a reduced number of tyrosines in its IDR (17Y). (I) Location of Arg residues in 

the primary structure of HspB8. 10 Arg residues are located in the N-terminus of HspB8-WT (10 R). In the 

HspB8-0R mutant, these Arg residues are replaced by Gly residues (0 R). (J) Partitioning of 5 µM HspB8-

WT or HspB8-0R mutant (1:20 mix of labelled:unlabelled) into condensates formed by 5 µM FUS. (K) HeLa 

Kyoto cells expressing HSPB8-WT-3xmyc or HSPB8-0R-3xmyc from a plasmid were subjected to heat 

shock for 1 hr. Cells were fixed and stained with myc and eIF4G specific antibodies. Merged image 

composed of eIF4G (green) and myc (red) signals is shown. (L) The onset of FUS fiber formation as a 

function of HspB8-0R concentration. 
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Figure S4: (A) Colocalization of gels or fibers formed by FUS-GFP and Cy3-labeled HspB8. (B & C) 

Disorder prediction plot (Dis-EMBL1.5, (Linding et al., 2003) for HspB8 (B) and HspB1 (C). The αCD of 

HspB8 was predicted by sequence similarity to the crystallized αCD of HspB1. (D & E) Circular Dichroism 

analysis of HspB8 (D) and Hsp1 (E). (F) Overview of HspB8-HspB1 swap mutants used in this study. 

IDR8αCD1 carries an IDR from HspB8 and an αCD from HspB1. IDR1αCD8 carries an IDR from HspB1 

and an αCD from HspB8. (G) Partitioning of 5 µM HspB8-HspB1 swap mutants (1:20 mix of 

labelled:unlabelled) into 5 µM FUS condensates. (H) Quantification of the partitioning experiment described 

in (G). (I) Aging assay of 5 µM FUS condensates in the absence (ctrl) and presence of 5 µM HspB8 

truncation mutants. (J) The onset of FUS fiber formation as a function of HspB8-HspB1 swap mutant 

concentration. (K) Kinetics of the FUS aging process. Plotted are the initial slopes of the FRAP recovery 

curves for FUS condensates in the absence and presence of 5 µM HspB8-HspB1 swap mutants. (L) 

Quantification of the partitioning of HspB8 truncation mutants into condensates formed by full-length FUS 

as shown in (Fig. 4F). (M) The onset of FUS fiber formation as a function of HspB8 truncation mutant 

concentration. (N) Kinetics of the FUS aging process. Plotted are the initial slopes of the FRAP recovery 

curves for FUS condensates in the absence and presence of 5 µM HspB8 truncation mutants. (O) 

Quantification of the partitioning of HspB8 truncation mutants into condensates formed by the FUS-LCD in 

the presence of 10 % Dextran. 

RRM unfolding drives FUS aging and is rescued by HspB8 

Having established that HspB8 prevents aging of FUS and that it binds to the FUS-RRM 

via its αCD, we sought to understand the molecular role of this interaction in FUS aging. 

To this end, we deleted the RRM in the mutant FUS∆RRM (∆AA285-371) and monitored 

its aging process in the presence and absence of HspB8 (Figure 5A). In FUS the first gel-

like assemblies were observed after 4 hours, which subsequently continued to form fibers 

while HspB8 prevented the aging process over the time course of 156 hours in this 

experiment. Deletion of the RRM domain in FUS∆RRM significantly slowed down aging 

and first gels appeared only after 36 hours. Remarkably, HspB8 was not able to prevent 

aging of the FUS∆RRM mutant, indicating that HspB8 binding to the FUS-RRM is required 

for HspB8 to exert its chaperone activity on FUS. A qXL-MS experiment showed in 

agreement with these results that the majority of inter-links between FUS and HspB8 that 

were significantly increased in the condensed phase in fact formed between the αCD of 

HspB8 and the RRM of FUS. (Figure 5B). Thus, while the RRM domain does not seem 

to be solely responsible for FUS molecular aging, it significantly contributes to the initiation 
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of the process and its binding by HspB8, most probably by the αCD, is able to prevent 

this. 

In a salt gradient experiment (Figure S5B) we observed a stepwise increase of FUS and 

HspB8 intra-links as a function of the droplet amount reflecting the structural 

rearrangements while phase transition (Figure S5C, compare Figure 1B and 3I). Here, 

beside others homodimeric intra-links exclusively in RRM and αCD showed the most 

striking dose-response behavior (for the full data set, see Supplementary data 1 and 3), 

again pointing to a high relevance of both domains for the condensed protein state.   

A disorder prediction analysis of FUS revealed that the RRM domain is a folded entity in 

the otherwise disordered protein (Figure S5A). We suspected that RRM unfolding might 

serve as a seed for the formation of FUS aberrant conformations that would initiate FUS 

aggregation and fiber formation. To test this hypothesis, we performed a heat shock 

experiment to unfold the RRM domain of FUS (Figure 5C). The melting temperature of 

the isolated FUS RRM has been reported to be 52 °C (Lu et al., 2017). We prepared 

reactions of condensates formed by full-length FUS or FUS∆RRM and incubated these 

for 10 min at 55°C to unfold the RRM. At this temperature FUS condensates were 

dissolved (Figure 5C). We then cooled down the reactions to 25°C and assessed the 

reactions by fluorescence microscopy. While full-length FUS formed amorphous 

aggregates after cooling down from the heat shock, the FUS∆RRM mutant condensed 

into spherical droplets (Figure 5C). This result strongly suggests that unfolding of the RRM 

domain is an integral part of the aging process and deletion of the RRM prevents 

temperature induced aggregation of FUS condensates. 

It has been shown previously that RNA can prevent aging of FUS and dissolve 

condensates at high concentrations (Maharana et al., 2018). Hence, we were wondering 

whether RNA exerts these effects by virtue of binding and stabilizing the RRM domain. 

We tested this by looking at competition between RNA and HspB8 binding to FUS using 

XL-MS. We cross-linked condensates of FUS and HspB8 in the presence (black) or 

absence (white) of a specific RNA that has been shown to bind to FUS(Kramer et al., 

2014; Maharana et al., 2018). We found that the presence of RNA does not alter the 

number of detected mono-, loop- or intra-links, strongly suggesting that RNA does not 

significantly change the conformation or homotypic interactions of the two proteins. In 
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contrast, the addition of RNA led to a significant decrease in the number of detected inter-

links between FUS and HspB8 (Figure 5D, Supplementary Data 5). This result shows 

that RNA and HspB8 compete for binding to FUS and indicate a similar mechanism by 

which they both prevent FUS molecular aging. 

Taken together our data shows that local unfolding of the RRM domain of FUS significantly 

contributes to aggregation and fiber formation and that the HspB8-αCD prevents FUS 

aging by stabilizing the folded FUS-RRM inside condensates, possibly in a similar manner 

as RNA. 
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Figure 5. RRM unfolding drives FUS aggregation and is rescued by HspB8: (A) Aging process of 

molecular condensates containing either FUS or the FUS_∆RRM (∆AA285-371) mutant in the presence or 

absence of HspB8 monitored by fluorescence microscopy over time. (B) Inter-link abundances from 

reconstituted FUS:HspB condensates.  Plotted are the relative enrichment (droplet vs non-droplet) for each 

unique cross-linking site (y-axis) sorted according to the known domain structure within FUS and HspB8 (x-

axis). Shown are only high confidence cross-linking sites (see methods for details) from five biologically 

independent sets of experiments (n=5; circles in different shades of grey). Cross-linking sites that were 

consistently up – or downregulated two-fold or more (log2ratio ≥ 1 or ≤ -1 and FDR ≤ 0.05) in at least two 

out of five biological replicate sets of experiments and in addition contained no opposing regulation in any 

replicate set were considered significant and are highlighted with a green (enriched in droplets) or red 

background rectangle (decreased in droplets). All other changes in cross-linking abundances were 

considered insignificant and are shown on grey background. The significance threshold of two-fold 

enrichment is indicated as dashed red lines. (C) Fluorescence microscopy pictures of FUS (upper panel) 

and FUS_∆RRM mutant (lower panel) before and after incubation under heat-shock conditions (55° C for 

10 minutes followed by a 10 minute cool-down at 25° C) (D) FUS:HspB8 condensates were cross-linked in 

the presence (black) or absence (white) of RNA and analyzed by LC MS/MS (n=3; FDR ≤ 0.05).  
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Figure S5: (A) A disorder prediction plot (Xue et al., 2010) predicts the FUS RRM to be folded. (B) 

Microscopic images of FUS under decreasing salt concentrations but equal total protein concentration. The 

amount of condensed phase correlates with the salt concentration. (C) qXL-MS salt gradient experiment. 

Equal amounts of FUS or FUSB8 were cross-linked under decreasing salt concentration inducing stepwise 

increase of condensed protein as illustrated in (B). Shown are the unique cross-linking sites of unambiguous 

homodimeric intra-links of the RRM and αCD that were chosen because they show a typical dose-response 

curve for links which were regulated in dependency of the condensate quantity. This means that as well 

many other links were changed salt dependently, but the shown links are among the strongest and most 

consistent changes. The log2 of the total MS1 area for each salt concentration is plotted. Number in each 

intersection indicates the number of data points used to calculate SD (n=6).  

A disease-associated mutation interferes with HspB8 activity 

Mutations of the lysine 141 residue in the αCD of HspB8 have been associated with 

Charcot-Marie Tooth disease (CMT), a currently incurable dominant autosomal disorder 

of the peripheral nervous system leading to muscular dystrophies (Vendredy et al., 2020) 

(Figure 6A). The mechanistic cause of this disease is still largely enigmatic. We introduced 

the K141E mutation into HspB8 and when we tested HspB8-K141E for localization to FUS 

droplets, we found that it still partitioned into reconstituted FUS droplets (Figure 6B). We 

then performed an aging assay using a low concentration of HspB8. While the HspB8 

wildtype (WT) was active, HspB8-K141E could not prevent FUS aging (Figure 6C) and 

when mixed with the WT, the mutant exerted a dominant negative effect over the WT, 

preventing the WT from being active. By using FRAP, we found that the mutant was much 

less effective compared to the WT in keeping FUS in a dynamic state (Figure 6D). 

Remarkably, the WT-mutant mix showed even lower chaperone activity, underlining the 

dominant negative role of HspB8-K141E in CMT (Figure 6D). 

In order to identify the molecular mechanism of this dominant negative effect, we 

performed XL-MS using the HspB8-K141E mutant. In comparison to HspB8-WT, the 

mutant showed an increased number of inter-links with FUS in the condensed phase. This 

suggests a stronger interaction between FUS and the HspB8-K141E mutant (Figure 6E).  

A quantitative analysis revealed that almost all mono-links within the RRM domain of FUS 

were decreased upon binding of the HspB8-K141E mutant, suggesting that accessibility 

to these sites was hindered (Figure 6F). Concomitantly, multiple intra-links within HspB8 

bridging the N-terminus to the αCD domain were increased in the HspB8-K141E mutant 
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(Figure 6F), in line with a potential conformational change of the mutant upon FUS binding 

that brings these domains closer to each other (Sailer et al., 2018). When we compared 

the cross-linking sites within FUS that changed upon binding of the HspB8-K141E mutant 

with those that were changed in the fiber state (Figure S1D and Figure S1E), we found a 

surprising overlap of the two patterns within the RRM. This suggests that the HspB8-

K141E mutant is unable to stabilize the RRM conformation that FUS occupies in the 

droplet state as done by the HspB8wt (Figure 6G, Supplementary Data 6).  

We conclude that CMT patient mutations in a critical residue of HspB8 may lock 

interactions with FUS due to an induced conformational change which interferes with the 

dynamic interplay between the chaperone mutant and its client and impairs its ability to 

maintain the liquid-like properties of FUS in a dynamic state. 
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Figure 6. A disease-related mutation interferes with HspB8 function: (A) Location of the disease related 

K141E mutation inside the αCD of HspB8. (B) Partitioning of 5 µM HspB8-K141E (1:20 mix of 

labelled:unlabelled) into condensates formed by 5 µM FUS. (C) Aging assay of 5 µM FUS condensates in 

the absence (ctrl) and presence of HspB8-WT, HspB8-K141E or a 1:1 mix of WT and K141 mutant. Final 

chaperone concentrations in all reactions are 125 nM. (D) Kinetics of the aging process. Plotted are the 

initial slopes of the FRAP recovery curves for FUS condensates in the absence (ctrl) and presence of 

HspB8-WT (red), HspB8-K141E (blue) or a 1:1 mix of WT and K141E mutant (cyan). (E) Equal amounts of 

FUS: HspB8-K141E (left) or FUS: HspB8-WT (right) were cross-linked under condensate inducing low salt 

conditions (75 mM KCl). Experiments were carried out in triplicates and cross-links were only considered, if 

they were identified in two out of three replicates with a deltaS < 0.95, a minimum Id score ≥ 20and an 

ld score ≥ 25 in at least one replicate (filtering was done on the level of the unique cross-linking site) and an 

FDR < 0.05. Inter-links are shown in black and intra-links are shown in violet. Mono-links are shown with a 

flag, loop links with a pointed triangle and homodimeric links with a red loop. (F) Quantitative comparison of 

cross-linking pattern from HspB8-K141E and HspB8-WT condensates. Cross-linking sites that were up – or 

downregulated two-fold or more (log2ratio ≥ ±1.0 and FDR ≤ 0.05) were considered significant and are 

highlighted in green (i.e. relative enrichment in FUS: HspB8-K141E condensates) or red (i.e. relative 

enrichment in FUS: HspB8-WT condensates). All other changes in cross-linking abundances were 

considered insignificant and are shown in grey background. (G) Comparison of significantly altered cross-

linking sites (log2ratio ≥ 1 or ≤ -1 and FDR ≤ 0.05; plotted are absolute values) within FUS from FUS:HspB8-

K141E condensates (relative to FUS:HspB8-WT) with those in the final fiber state (relative to fresh droplets) 

from the time-course aging experiment (see Figure S1D and Figure S1E) 
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Discussion 

In this study we show that the molecular chaperone HspB8 can prevent a disease-

associated aberrant phase transition that is mediated by the protein FUS. We show that 

HspB8 uses its disordered domain to partition into liquid FUS condensates and that HspB8 

uses a similar molecular grammar as described previously for FUS (Wang et al., 2018). 

More specifically, arginine residues in the IDR of HspB8 interact with tyrosine residues in 

the FUS-LCD, thereby promoting the targeting of the HspB8 αCD into FUS condensates 

for chaperoning of the misfolding-prone RRM domain of FUS. This suggests a general 

principle for how protein quality control machinery could be targeted to condensates in 

order to regulate aggregation-prone protein domains inside liquid condensates.  

Using a quantitative and time-resolved cross-linking mass spectrometry approach, we 

monitor PPIs inside FUS-HspB8 condensates. We find evidence for domain-specific PPIs 

during both condensation and the condensate hardening process. While we cannot 

directly deduce specific conformational rearrangements from an altered cross-linking 

pattern, together with our RRM unfolding and molecular aging experiments, our data 

strongly suggest that FUS undergoes conformational changes during condensate 

formation and hardening. This is at first sight in opposition to previous findings that report 

no apparent structural changes during condensate formation (Murthy et al., 2019). 

However, these studies were carried out on isolated domains and not full-length proteins, 

while our study focused on the RBD in the context of full-length FUS (and less on the LCD 

due to technical reasons, see Supplementary Figure 2).  

Previous studies found that FUS adopts similar conformations in hydrogels and liquid-like 

droplets (Xiang et al., 2015). These findings are in line with our time-resolved qXL-MS 

data, that suggest no major conformational changes during the liquid-to-gel transition. Our 

data suggests that strong conformational changes mainly occur during fiber formation.  

HspB8 exerts its chaperoning function by stabilizing the RRM of FUS. By specifically 

partitioning into FUS condensates, HspB8 may prevent the formation of fibrils that may 

arise because of the high FUS concentration inside condensates. It has been proposed 

that cells use RNA to regulate condensate formation and the conformational dynamics of 

FUS (Maharana et al., 2018). Importantly, RNA has also been shown to prevent aberrant 
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liquid-to-solid transitions of FUS condensates. This suggests that RNA inside 

condensates could stabilize the RRM of FUS and insufficient amounts of RNA could make 

FUS condensates prone to hardening due to RRM misfolding. Our data suggest that 

HspB8 takes over the stabilizing role of RNA. However, in contrast to RNA, which can also 

dissolve FUS condensates at high concentrations, HspB8 specifically partitions into FUS 

condensates and accumulates to very high concentrations, thereby neutralizing the 

misfolding of RRM domains. Another reagent that is known to prevent aging of FUS 

condensates is the biological hydrotrope ATP (A. Patel et al., 2017). Interestingly, ATP 

also prevents fiber formation of the isolated FUS-RRM, thus reinforcing the idea that the 

RRM plays a key role in FUS condensate hardening (J Kang et al., 2019). 

We currently do not know how misfolding of the RRM drives condensate hardening. 

Misfolding of the RRM domain may represent the initial step on the pathway to forming a 

seed that then promotes the nucleation of FUS fibrils. This may involve cross-beta sheet 

interactions of the LCDs via local concentration and LCD alignment. In this model, HspB8 

would stabilize the fold of the RRM domain by binding to it, and by doing so maintaining 

the liquid state of the condensates (Figure 7). A mechanism by which unfolding of globular 

domains is controlled by chaperones and disordered domains inside condensates may be 

a process of general importance (Franzmann and Alberti, 2019). 

We propose that sHsps specifically target phase-separating proteins in liquid condensates 

and that HspB8-expressing cells, such as neurons, have a high demand for chaperone-

mediated quality control because they have a high content of RNA condensates such as 

RNP granules. Mutations in HspB8 have been associated with the neurodegenerative 

Charcot-Marie Tooth disease (CMT (Vendredy et al., 2020). Based on our results, we 

propose that CMT disease mutations abrogate the ability of HspB8 to maintain RNP 

condensates in a liquid state. Our data suggest that CMT-mutations in HspB8 cause a 

stronger and altered binding to FUS, which may interfere with the dynamic interplay 

between chaperone and client protein needed for proper RRM domain chaperoning. The 

strong binding of the chaperone mutant may also explain the dominant negative effect of 

the mutation in CMT patients. 

The high specificity of HspB8 towards FUS condensates suggests that other chaperone-

condensate systems may exist. This hypothesis finds additional support in studies 
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showing that numerous chaperones colocalize to different condensates inside cells 

(Mateju et al., 2017; Vos et al., 2009; Yu et al., 2020). In addition, the development of 

small molecules or RNAs that stabilize RRM domains or modulate chaperone interactions 

inside condensates may be an interesting angle for future drug discovery efforts.  

In summary, by adapting existing XL-MS workflow, we were able to monitor PPIs and 

protein dynamics within reconstituted protein condensates, thus paving the way for a 

deeper and more detailed structural understanding of condensate formation and aberrant 

phase transitions. Our study shows with unprecedented molecular detail how protein 

contacts are formed between a chaperone and its client protein inside a condensate and 

therefore suggest a blueprint for how chaperones could act to stabilize biomolecular 

condensates in cells. 

 

Figure 7. Unfolding of globular domains nucleates aberrant seeds for aggregation: Proposed 

mechanism where unfolding of globular domains in otherwise disordered proteins nucleates aberrant seeds 

for aggregation. In this model the unfolding of the RRM domain comprises the initial step to seed the 

conversion of FUS into an aberrant conformational space that consequently involves the beta-amyloid 

formation of the LCDs by rising their local concentration and potentially by sterically aligning them for 

nucleation. Molecular chaperones like HspB8 stabilize the fold of the RRM domain and maintain the dynamic 

liquid state of the condensate. 
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STAR methods  

Protein expression and purification  

FUS-G156E-GFP (called “FUS” throughout the manuscript)  and mutants were purified as 

described (Patel et al., 2015). HspB8 and corresponding mutants were subcloned in a 

pET11d vector as N-terminal 3C protease-cleavable GST fusion proteins. Fusion proteins 

were expressed and purified from BL21 Codon RIL (Stratagene). Expression was induced 

by adding 0.15 mM IPTG for 4,5 h at 37 °C. Bacteria were lysed in 1 x PBS, 5 mM DTT, 

1 mM EDTA with EDTA-free Protease inhibitors tablet (Roche) and GST purified. Eluates 

were dialyzed with a 3,500 Da MWCO membrane against 1 x PBS, 5 mM DTT and cleaved 

with PreScission protease. Cleaved off GST was removed by reverse GST purification. 

HspB8 proteins were subjected to ResourceQ ion exchange chromatography, 

concentrated, dialyzed to HspB8 buffer (20 mM Tris, pH 7.4, 20 mM KCl, 1 mM DTT) and 

validated by MS. 

In vitro experiments 

Frozen aliquots of FUS-G156E-GFP were thawed for 10 min at RT, cleared from 

aggregates by centrifugation for 1 min at 21,000 x g using a 0.2 µm spin filter device. 

Molecular aging experiments were performed according to (Alberti et al., 2018)  at 5 µM 

FUS-G156E-GFP in reaction buffer (20 mM Tris-HCl, pH 7.4, 75 mM KCl, 0.75 % 

Glycerole, 1 mM DTT). Fluorescence recovery after photobleaching (FRAP) experiments 

were performed and analyzed according to (Patel et al., 2015)  at 5 µM FUS-G156E-GFP 



 
- 135 - 

 

in reaction buffer. For partitioning experiments, HspB8 and mutants thereof were labelled 

with Cyanine-3-monosuccinimidyl ester (AAT bioquest, ABD-141) at equimolar ratio in 

HspB8 buffer and excess dye was removed by dialysis against HspB8 buffer with 1 mM 

DTT. Labelled HspB8 was mixed with unlabeled protein at a molar ratio of 1:20 and 5 µM 

FUS-G156E-GFP was mixed with 5 µM total HspB8 in reaction buffer. Samples were 

applied into an imaging chamber with a cover slip passivated with polyethylene glycol. 

Fluorescence and DIC microscopy were performed on a confocal spinning disk 

microscope. Images were analyzed using Fiji software (Schindelin et al., 2012). 

Optical Tweezer experiments 

To characterize the material state of FUS-G156E-GFP condensates with or without 

HspB8, controlled fusion experiments were performed in a custom-build dual-trap optical 

tweezer microscope (Jahnel et al., 2011; Patel et al., 2015)(Jahnel et al., 2011; Patel et 

al., 2015). 5 μM FUS-G156E-GFP condensates were phase-separated at T0 in reaction 

buffer with or without 20 μM HspB8 and immediately applied to a sample chamber. Two 

condensate droplets were trapped in two optical traps of the same trap stiffness at low 

overall light intensity to minimize local heating. With the first trap stationary, the second 

trap was moved to bring the droplets into contact and initiate coalescence, after which 

both traps were kept stationary. Laser signals and bright-field microscopy images were 

simultaneously recorded. Signals from the two traps – equal in magnitude, opposite in 

sign – were combined into the differential signal, from which coalescence relaxation times 

were deduced (Wang et al., 2018). To quantify the coalescence dynamics and account for 

droplets of different sizes, the relaxation time was normalized by the geometric radius of 

the two fusing droplets. Successful droplet coalescence was scored as yes (1) or no (0) 

depending on whether the process resulted in a near spherical shape of the final droplet 

within 60 s. This duration was an order of magnitude longer than the earliest coalescence 

relaxation times under all conditions. Coalescence success / failure data of FUS-G156E-

GFP without HspB8 were fit with a logistic regression model to estimate the half-life of 

liquid-like FUS-G156E-GFP condensates. 
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Time lapse microscopy of fiber growth 

FUS-G156E-GFP was aged in a centrifuge tube for > 24 hours to allow most of the protein 

to convert to fibrous/aged material. A small amount of aged material was flowed into a 

custom-built flow cell which includes upper and lower glass surfaces; the bottom glass 

surface was passivated with polyethylene glycol. After incubation, the chamber was 

flushed with freshly formed FUS-G156E-GFP condensates in reaction buffer either in the 

presence or absence of 20 µM HspB8. An image stack representing a volume of 

approximate 100 µm3 and a voxel size of 0.1 µm x 0.1 µm x 0.3 µm was acquired every 

30 minutes using a spinning disk confocal equipped with a glycerol immersion 60x 

objective. In the resulting image stacks, fibers tend to be relatively dim with bright cores. 

To produce an image which allows for good visualization of the process of fiber growth, 

we smoothed each stack and subsequently applied an enhanced local contrast method 

(CLAHE). This method uses tiles throughout the image and calculates an appropriate 

contrast for each tile. We used CLAHE implemented in ImageJ with a block size of 30. For 

each stack, we create a maximum projection of the resulting stack that produces a single 

image. Finally, we used an image registration method (using the stackreg plugin in 

ImageJ) to remove any small translational drift which occurs through the process. The 

resulting movie is shown as Movie 1 in the Supplementary Data. 

Image analysis to identify droplets and fibers 

The identification of fibers and droplets in images was carried out using custom-made 

scripts in MATLAB. In short, each image is resized 8 times using a bicubic interpolation. 

An image is subsequently automatically thresholded using Otsu’s method through the 

imthresh command. Objects are identified as regions of connected pixels. Any objects 

which intersect the picture border or are very small are discarded from further analysis. 

Fibrous objects are identified as either objects with an eccentricity above 0.7 or, if the 

eccentricity is low, as objects that have a roughness above 6.4 pixels. The eccentricity is 

found by fitting an ellipse to a connected region and is defined as the ratio of the distance 

between the foci of the ellipse and its major axis length (implemented using the eccentricity 

argument in the regionprops command). To determine the roughness, each object is fit by 

a circle. The roughness is defined as the mean distance between the object border and 

the circular fit. Objects with low surface roughness as well as low eccentricity are 
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considered droplets. All objects and their subsequent classification are also reviewed 

finally by eye to ensure that the parameters for the images are set properly. 

Immunostaining of sHsps in stressed cells 

HeLa Kyoto wildtype and HeLa Kyoto FUS-GFP BAC cells were cultured in Dulbecco's 

Modified Eagle Medium (DMEM) containing 4.5 g/l glucose (Gibco Life Technologies) 

supplemented with 10% fetal bovine serum, 100 U/ml Penicillin + 100 μg/ml Streptomycin. 

250 μg/ml Geneticin (all Gibco Life Technologies) was added to the HeLa Kyoto FUS-

GFP BAC cells. Cells were maintained at 37°C in a 5 % CO2 incubator (Thermo Fisher 

Scientific). HeLa Kyoto FUS-GFP BAC cells were described previously (Mateju et al., 

2017). For immunofluorescence staining, the cells were seeded on glass coverslips (12 

mm diameter, 170 μm height; Menzel-Gläser) in 24-well plates. Next day, cells were 

treated for 2 hours with sodium arsenate dibasic heptahydrate (Alfa Aesar) diluted to 1 

mM in the growth medium. After the treatment, cells were washed once in PBS and fixed 

with 4 % paraformaldehyde (diluted in PBS) for 10 minutes at room temperature. Cells 

were then washed three times in PBS and permeabilized using 0.2 % Triton X-100 (diluted 

in PBS) for 10 minutes. Subsequently, cells were washed in PBS and incubated for 1 hour 

in 3 % bovine serum albumin (BSA) diluted in PBS. The coverslips were then incubated 

with primary antibodies for 1 hour, followed by three washes in PBS and incubation with 

secondary antibodies for 1 hour. All primary and secondary antibodies were diluted in 1 

% BSA in PBS. The following primary antibodies were used: Mouse anti-HSP27/HspB1 

diluted 1:1000 (ADI-SPA-800, Enzo Life Sciences), rabbit anti-HSPB8 diluted 1:200 

(Carra et al., 2010). As secondary antibodies, we used anti-mouse Alexa Fluor 647 diluted 

1:1000 (Invitrogen) and anti-rabbit Alexa Fluor 555 diluted 1:1000 (Invitrogen). After 

incubation with secondary antibodies, the coverslips were washed three times with PBS 

and mounted on microscope slides (Marienfeld) using DAPI-Fluoromount G 

(SouthernBiotech). Slides were imaged using an Olympus IX71 wide-field fluorescence 

microscope integrated in a DeltaVision imaging system (Applied Precision) and equipped 

with SoftWorx software. The images were acquired using 60x/1.42NA/UPlanSA 

(Olympus) oil immersion objective. Fiji (Schindelin et al., 2012) was used for brightness 

adjustment, cropping, merging color channels, and creating magnified insets. For 

immunostaining of HspB8-WT and HspB8-0R in stress granules, HeLa Kyoto cells were 
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transfected with 200 ng of plasmids coding for HspB8-0R-3xmyc or HSPB8-WT-3xmyc 

using Lipofectamine 2000 (Life Technologies) following manufacturer instructions. 24 hrs 

post-transfection cells were subjected to heat shock in a water bath at 43.5 °C for 1 hr. 

Cells were fixed with 3.7% formaldehyde for 9 min at RT and permeabilized with acetone 

for 5 min at -20C and stained with c-Myc (9E10, Santa Cruz Biotechnology) and eIF4G 

(H-300, Santa Cruz Biotechnology) specific antibodies. Secondary antibodies used were 

anti-mouse Alexa Fluor 594 (A-21203, Thermo Scientific) and anti-rabbit Alexa Fluor 488 

(A-21206, Thermo Scientific). 

Cross-linking of molecular condensates 

Frozen aliquots of FUS-G156E-GFP (called “FUS” throughout the manuscript) and FUS-

G156E-GFP_K9 (called “FUS_K9”) protein were thawed for 10 min at RT, cleared from 

aggregates by centrifugation for 1 min at 21,000 x g using a 0.2 µm spin filter device and 

subsequently diluted in water to a low salt solution (final concentration of 75 mM KCl) to 

induce phase separation or into a high salt solution (final concentration of 500 mM KCl) to 

prevent phase separation. In order to reconstitute FUS:HspB8 condensates HspB8-WT 

or HspB8-K141E mutant were added to FUS condensates at equal mass ratio and 

subsequently incubated on ice for 10 min to allow for sufficient mixing. All molecular 

condensates were cross-linked by addition of H12/D12 DSS (Creative Molecules) at a 

molar ratio cross-linker to lysines of ~2.7 for 30 min (except for the time-course 

experiments, see below) at 37°C shaking at 650 rpm in a Thermomixer (Eppendorf). 

Protein samples were quenched by addition of ammonium bicarbonate to a final 

concentration of 50 mM and either directly evaporated to dryness or after an additional 

centrifugation step for 60 min at 21 000 x g in order to separate the condensed from the 

dilute phase. The dilute phase containing supernatant was transferred to a fresh tube and 

both phases were evaporated to dryness. 

Cross-linking coupled to mass spectrometry (XL-MS) 

Cross-linked samples were processed essentially as described (Leitner et al., 2014).  In 

short, the dried protein samples were denatured in 8 M Urea, reduced by addition of 2.5 

mM TCEP at 37°C for 30 min and subsequently alkylated using 5 mM Iodoacetamide at 

RT for 30 min in the dark. Samples were digested by addition of 2 % (w/w) trypsin 
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(Promega) over night at 37°C after adding 50 mM ammonium hydrogen carbonate to a 

final concentration of 1 M urea. Digested peptides were separated from the solution and 

retained by a C18 solid phase extraction system (SepPak Vac 1cc tC18 (50 mg cartridges, 

Waters) and eluted in 50 % ACN, 0.1 % FA. After desalting the peptides were evaporated 

to dryness and stored at -20°C. Dried peptides were reconstituted in 30 % ACN, 0.1 % 

TFA and then separated by size exclusion chromatography on a Superdex 30 increase 

3.2/300 (GE Life Science) to enrich for cross-linked peptides. The three early-eluting 

fractions were collected for MS measurement, evaporated to dryness and reconstituted in 

5 % ACN, 0.1 % FA. Concentrations were normalized by A215 nm measurement to ensure 

equal amounts of dilute and condensed phase and peptides separated on a PepMap C18 

2µM, 50 µM x 150 mm (Thermo Fisher) using a gradient of 5 to 35 % ACN for 45 min. MS 

measurement was performed on an Orbitrap Fusion Tribrid mass spectrometer (Thermo 

Scientific) in data dependent acquisition mode with a cycle time of 3 s. The full scan was 

done in the Orbitrap with a resolution of 120000, a scan range of 400-1500 m/z, AGC 

Target 2.0e5 and injection time of 50 ms. Monoisotopic precursor selection and dynamic 

exclusion was used for precursor selection. Only precursor charge states of 3-8 were 

selected for fragmentation by collision-induced dissociation (CID) using 35 % activation 

energy. MS2 was carried out in the Ion Trap in normal scan range mode, AGC target 1.0e4 

and injection time of 35 ms. 

Data were searched using xQuest in ion-tag mode. Carbamidomethylation (+57.021 Da) 

was used as a static modification for cysteine. As database the sequences of the 

measured recombinant proteins and reversed and shuffled sequences were used for the 

FDR calculation by xProphet.  

Experiments were carried out in three biologically independent sets of experiments 

(meaning separate batches of expressed protein). For one set of experiments each 

sample was independently cross-linked in triplicates and each of these was measured in 

technical duplicates. Cross-links were only considered, if they were identified in two out of 

three replicates with a deltaS < 0.95, a minimum Id score ≥ 20 and an ld score ≥ 25 in at 

least one replicate (filtering was done on the level of the unique cross-linking site) and an 

FDR ≤ 0.05 as calculated by xProphet for at least one replicate. Shown are inter-protein 
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links and intra-protein links. Dimeric links (that is cross-links between overlapping peptides 

whose sequence is unique within the protein and that must therefore originate from 

different copies of the same protein) are indicated by a “-d” at the respective unique cross-

linking site. Loop-links, where the cross-linker can react twice within one peptide are 

indicated by a “-l” and mono-links, where only on one side of the linker reacts with the 

protein and hydrolyzes on the other side by “-mono”. 

Quantitation of cross-linked peptides from condensates (qXL-MS)  

Initial processing of identified cross-linked peptides for quantitation was performed 

essentially as described (Sailer et al., 2018). In short, the chromatographic peaks of 

identified cross-links were integrated and summed up over different peak groups for 

quantification by xTract (taking different charge states and different unique cross-linked 

peptides for each unique cross-linking site into account) (Walzthoeni et al., 2015). Only 

high-confidence cross-links that fulfilled the above introduced criteria were selected for 

further quantitative analysis.  

The resulting bagcontainer.details.stats.xls file was used as an input for our here 

developed in-house scripts. The bag container contains all experimental observations on 

a peptide level as extracted by xTract (e.g. peptide mass, charge state, the extracted MS1 

peak area and any violations assigned by xTract).  Missing observations were replaced 

by imputation with random values drawn from a normal distribution based on our 

experimental distribution. Here, the log-normal experimental distribution of measured MS1 

peak areas was converted to a normal distribution by log2-conversion. Of the resulting 

normal distribution, the mean and standard deviations were determined. The mean is 

shifted downward while the width is decreased in order to obtain our distribution to draw 

imputed values from. This follows the same procedure and parameters as described for 

Perseus (Tyanova et al., 2016) (width: 0.3 and down shift: 1.8). 

Data were additionally filtered using a light-heavy filter as described (Walzthoeni et al., 

2015). Since a light-heavy cross-linker at 1:1 ratio was used, we would expect that a given 

peptide for a specific charge state is found with nearly the same MS1 peak area for both 

its heavy and its light form. A peptide for a given charge state therefore receives a violation 

(and is subsequently filtered) if its light-heavy log2ratio is smaller than 0.5 or greater than 

2. Experiments were normalized by using the mean MS1 peak areas of all experiments as 



 
- 141 - 

 

the reference. The ratio of all experiments compared to the reference was computed and 

all observed MS1 areas were multiplied by this experiment-specific ratio to receive the 

same mean for all experiments. In addition, replicates were normalized within each 

experiment. This means that the mean of each technical replicate within an experiment is 

shifted to the experiment mean in the same way as described for the experiment 

normalization. 

In a next step log2ratios were calculated as the difference between the log2-converted 

MS1 peak areas instead of the ratio. Here, the MS1 areas for each experiment are shifted 

into log2 scale after all summing operations but before taking any means allowing us to 

calculate meaningful standard deviations between biological replicates avoiding the 

influence by outliers in the original log-normal scale. 

P-value calculation was otherwise done as described (Walzthoeni et al., 2015) with one 

notable exception: MS1 peak areas were not split by technical replicates in order to avoid 

artificially improving p-values with increasing numbers of technical replicates. FDR values 

are p-values corrected for multiple testing, following the Benjamin–Hochberg procedure.  

Significance 

Only high-confidence cross-linking sites (see above) that were detected reliably and 

consistently with a deltaS < 0.95 and a minimum Id score ≥ 20 in two replicates and a ld 

score ≥ 25 (filtering was done on the level of the unique cross-linking site) and an FDR ≤ 

0.05 in at least one replicate were used for quantitation. Changes in cross-linking 

abundances were throughout the paper quantified against the dilute phase (i.e. relative 

enrichment within droplets is shown in green; relative decrease in red). Only cross-linking 

sites that were up – or downregulated two-fold or more (log2ratio ≥ 1 or ≤ -1 and FDR ≤ 

0.05) in at least two biological replicate sets of experiments and in addition contained no 

opposing regulation in any replicate set were considered significant. 

Stage and time-resolved quantitative cross-linking coupled to mass spectrometry 

(time-q-XL-MS) 

Fresh FUS-GFP condensates formed under low salt (75 mM KCl) conditions were left 

shaking at 650 rpm in a Thermomixer (Eppendorf) at 28°C and monitored by fluorescence 

microscopy at regular intervals until conversion into the gel state and eventual fiber state 
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was reached. The stock solution was aliquoted prior to dilution into low salt buffer to induce 

condensates and aliquots at indicated timepoints (T1 (0 hrs; fresh droplets), T2 (20 min), 

T3 (40 min), T4 (1 hrs), T5 (1hrs 20 min), T6 (1 hrs 40 min), T7 (2 hrs 20 min), T8 (2 hrs 

40 min), T9 (3 hrs; aged droplets) to T10 and T11  (12 hrs and 24 hrs; full aggregates)), 

cross-linked for 5 minutes in triplicates and flash-frozen in liquid nitrogen. While thawing, 

1 M ammonium bicarbonate was added to a final concentration of 50 mM and samples 

were evaporated to dryness. Cross-links were subsequently identified and quantified 

exactly as described above.  

RNA competition assay  

FUS: HspB8 condensates were prepared as described and either incubated with RNA 

oligonucleotide PrD (Maharana et al., 2018) in sub-stoichiometric amounts (3 times molar 

excess of FUS) or equal volume of water. Samples were checked by microscopy before 

XL-MS to ensure that addition of RNA did not dissolve the condensates. The condensed 

phase was separated from the dilute phase by centrifugation and the concentration 

normalized prior to MS measurement as described above 

Validation and visualization of cross-links from molecular condensates 

In order to both validate and visualize the information from our various cross-linking 

experiments of molecular condensates, multiple in-house scripts have been written. The 

visualization scripts either interface directly with the quantitation script described above or 

use xTract-like output as input. In either case, the filtering and significance criteria 

described for the quantitation script were used. 

Cross-link data were transformed via pandas for assessment (version 1.0.3). Figures 1B, 

3I, 5B, 6G were created with altair (version 4.1.0) running on Python version 3.7.6. Figures 

1D, S1A, S5C (Left and Right Panel) were created with seaborn (version 0.9.0) running 

on Python version 3.7.2. Figure S1A (Middle Panel) was created using the in-built pandas 

dataframe plot functions. 

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, xTract and in-house 

quantitation output files) have been deposited to the ProteomeXchange Consortium via 
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the PRIDE  (Perez-Riverol et al., 2019)partner repository with the dataset identifier 

PXD021114 (Username: reviewer33076@ebi.ac.uk; Password: 5atfkbP8) and 

PXD021115 (Username: reviewer54149@ebi.ac.uk; Password: UZW7Gnr5). 
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General discussion 

The field of structural biology has made rapid progress over the last decade, in particularly 

via the establishment of cryo-electron microscopy (Cryo-EM), allowing us to also resolve 

large macromolecular assemblies on a fairly regular basis. Nowadays, the next steps 

forward to a proteome and system-wide structural biology is increasingly under 

development pointing to the exciting perspective that soon complex cellular processes 

and macromolecular machines can be studied in their native environment and under real-

time conditions.  

Traditionally, X-ray crystallography and NMR have been used to obtain high-resolution 

structures, but despite their many advantages both methods have drawbacks in case of 

larger protein assemblies. Crystallography often fails to obtain ordered crystals and NMR 

is technically still mostly limited to small proteins. Single particle Cryo-EM has experienced 

a „resolution revolution“ in the last decade and has developed into the leading structural 

biology technique, allowing by now to resolve even megadalton complexes at atomistic 

resolution (reviewed in Cheng, 2018; Rosato et al., 2013). All these techniques continue 

to be under constant development and particularly NMR and electron microscopy, and 

increasingly also cryo-electron tomography (Cryo-ET), become more and more applicable 

to complex and cell-wide in vivo systems. In-cell NMR has developed to the point that by 

now multiple biological questions as PPIs, interactions with small molecules, detection of 

posttranslational modifications, metabolite conversion and even obtaining high-resolution 

protein structures in vivo are feasible. However, NMR in cells or cell lysates is always 

limited to the study of one or a only a few molecules in one approach and requires  labor-

intensive protein expression and isotopic labelling as well as extensive data analysis 

(reviewed in Kumar et al., 2019; Maldonado et al., 2012). Cryo-ET on the other hand 

shows huge potential for obtaining high-resolution structures of protein complexes in their 

native or cellular environment but currently still struggles with the clear identification of 

single proteins within a crowded environment  (reviewed in Zhang, 2019). Despite of all 

this great progress und exciting future perspectives, to date none of these methods allows 

for a routine large-scale or even proteome-wide structural characterization of protein 
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assemblies and all of them are also still challenged by structurally heterogeneous and 

dynamic proteins, all of which necessitates complementary structural biology techniques.  

Structural mass spectrometry is a comparatively young discipline within the structural 

biology field. It comprises multiple approaches as affinity purification coupled to MS to 

identify native protein complexes, native MS and ion-mobility MS to investigate the 

stoichiometry and shape of protein complexes, as well as XL-MS to identify PPIs and 

obtain spatial information on a low-resolution scale. It was shown that a combination of 

this methods together with integrative modelling in a hybrid approach principally allows 

structure determination on a medium resolution level. However, in most of the time 

structural MS techniques are used as complementary techniques (reviewed in Faini et al., 

2016). One of the main advantages of all these MS-based methods is, that they are 

applicable to in-solution settings, meaning that proteins can be explored in their native 

environment. 

The general approach of XL-MS is to introduce covalent bonds between proximal 

functional groups of proteins or protein complexes in their native environment by 

cross-linking reagents. The actual cross-linking sites are measured by MS in data-

dependent acquisition mode and are identified by tailor-made software tools, finally 

reflecting the spatial proximity of the respective proteins or subunits in a complex 

(reviewed in Yu and Huang, 2018). XL-MS provides a wealth of information on the 

connectivity, interaction and relative orientation of subunits within a complex, and also 

contains spatial information itself, though at a relatively low resolution (reviewed in 

Piotrowski and Sinz, 2018). Neither cross-linking nor the use of MS for the identification 

of cross-linked proteins are themselves entirely novel concepts. Nonetheless, due to 

multiple major technical obstacles it has been impossible to directly identify cross-linked 

peptides from an intact protein complex or protein assembly by MS until fairly recently. 

After some early pioneering work the field has seen significant technological and 

conceptual progress over the last couple of years and by now methods to enrich cross-

links, different cross-linking chemistries and multiple detection and annotation strategies 

have been introduced (reviewed in O’Reilly and Rappsilber, 2018). 
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With the structural probing of recombinantly expressed static protein complexes by now 

being firmly established, it is the recent application of XL-MS on the proteome-wide level 

and also its extension to dynamic systems by qXL-MS that has spurred great interest 

(Götze et al., 2019; Klykov et al., 2018; N. Patel et al., 2017; Sailer et al., 2018). 

In the present thesis three independent studies were carried out, all of them utilizing XL-

MS and partially qXL-MS to tackle various biological questions.  

Even though chaperones have discovered some decades ago and have been studied 

intensely since then, the molecular mechanism of how sHsps achieve substrate 

specificity, i.e how they are able to interact with many different substrate proteins in a 

specific way, has remained somewhat elusive. Furthermore, the molecular mechanisms 

how the refolding machinery involving Hsp40, Hsp70 as well as Hsp100 cooperates and 

interacts with a complex of a sHsp and denatured substrate remains largely enigmatic 

(reviewed in Dahiya and Buchner, 2019). In this study, we have concentrated mainly on 

sHsps, which are best described to bind partially misfolded proteins to inhibit protein 

aggregation and constitute the first line of defense towards cellular stress (reviewed in 

Haslbeck and Vierling, 2015). Although there are several available structures of various 

sHsps, in most of the cases no data of full-length proteins exist, as commonly the 

unstructured NTD is not fully resolved (reviewed in Haslbeck et al., 2019; Haslbeck & 

Vierling, 2015). Regarding the sHsp:Substrate complexes, even less high-resolution 

structural data do exist and to date only one atomic structure of a single sHsp:Substrate 

complex exists (Sluchanko et al., 2017). Thus, we reasoned that XL-MS may contribute 

to the molecular understanding of sHsp:Substrate interaction.  

In this study, we chose to study the Hsp26 from Saccharomyces cerevisiae by XL-MS. In 

the first part of this study XL-MS was used in order to obtain molecular insights into the 

binding interface of Hsp26 and different substrate proteins. We cross-linked three different 

Hsp26:Substrate complexes and identified very similar binding sites within Hsp26 in all 

three cases. While we identified binding regions within all three domains of Hsp26, in 

particularly one area within the MD (which is part of the N-terminal domain) appeared to 

be the most prominent one for substrate binding. This is in full accordance with a previous 

study which did identify the MD as being absolutely essential for chaperone function of 
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Hsp26 (Haslbeck et al., 2004b). In addition, there are a  number of studies for various 

sHsps which show that the disordered N-terminal domain is crucial for chaperone activity 

(Jaya et al., 2009; Moutaoufik et al., 2017) as well as substrat specificity (Basha et al., 

2006) or point to the NTD as main substrate binding site (Rutsdottir et al., 2017; Shi et al., 

2013). However, it was also reported previously that the αCD is involved in binding (Shi 

et al., 2013), interacts differentially with two substrates (Jaya et al., 2009) or even performs 

binding independent of the NTD (Hochberg et al., 2014; Mainz et al., 2015). In 2017 the 

first high-resolution structure of a sHsp:Substrate complex was published, demonstrating 

that the N-terminal domain of human HspB6 interacts with the substrate protein before 

becoming ordered in the substrate-bound state (Sluchanko et al., 2017). However, also in 

this case an interaction via the αCD was additionally observed, even though potentially as 

a consequence of prior NTD binding. To the best of our knowledge, only two other studies 

using XL-MS to probe sHsps do exist; both identified the N-terminal domain as a main 

substrate binding region as well; in one case in the plant Hsp21 (Lambert et al., 2013) and 

in one case in the yeast Hsp26 (Ungelenk et al., 2016). 

Thus, our data add another layer of confidence to the established model that the NTD is 

the major substrate binding domain but as well highlights that the aCD and the CTE play 

part in substrate binding which has been suggested previously but has not been shown in 

such a molecular detail and for different substrates.  

Our cross-link data additionally show that in all three substrate proteins the main 

interaction sites are within the C-terminal regions even though the different substrate 

proteins do not exhibit any obvious sequence similarities within that regions. Similarly, in 

both above mentioned cross-linking studies (Lambert et al., 2013; Ungelenk et al., 2016) 

as well C-terminal regions of the substrate were primary undergoing interaction. In one of 

these studies (Lambert et al., 2013) this was interpreted in a way that maybe the 

C-terminus starts to unfold at first and therefore is recognized by the sHsp as major 

interaction site which indeed could be a conceivable explanation for our cross-linking data 

as well.    

It is well described that most of the sHsps form large oligomers or even exist as a diverse 

population of large oligomeric species. These oligomers are thought to be in continuous 
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subunit exchange, mostly using dimeric building blocks (reviewed in Haslbeck & Vierling, 

2015). Different trigger signals as heat-shock, phosphorylation or the presence of unfolded 

substrate induce changes within the oligomeric size and distribution of these assemblies, 

which is associated with changes in substrate binding affinity and chaperone activity. In 

most of the cases a shift to smaller oligomers (or even dimers) occurs,  which leads to the 

exposure of the NTD for substrate binding (reviewed in Haslbeck et al., 2019). 

Alternatively, for some sHsps oligomer expansion with increased exposure of the NTD 

and increased binding affinity was described pointing to different activation modes 

depending on the nature of the sHsp (McHaourab et al., 2012; Mishra et al., 2018; Shi et 

al., 2013). In case of Hsp26 it was shown that it exists as a 24mer, which dissociates into 

dimers after heat-shock, even though this dissociation appears to be not absolutely 

essential for activity (Franzmann et al., 2005; Haslbeck et al., 1999). Furthermore, it was 

reported that multiple assembly stages of different shape of the same Hsp26 oligomer 

exist (White et al., 2006). It has also been shown that larger oligomers with potentially 

different folding states of the same oligomer are formed upon activation (Benesch et al., 

2010).  

We have shown here by a combination of cross-linking and SEC that Hsp26 switches from 

a single, large and symmetric oligomeric peak into a broad and dispersed peak covering 

the whole elution range which may indicate that Hsp26 occupies a wide range of large 

and small oligomers (more abundant species) as well as dimers in its activated state. 

These findings are novel since the formation of smaller oligomers under heat-shock 

conditions has not been reported so far for Hsp26. On the background of the literature our 

data point to an activation mechanism involving oligomeric dissociation and expansion 

which could be the cause for the broad substrate specificity of Hsp26.  

Taken together, our cross-link data point to a binding mechanism in that Hsp26 utilizes 

the same regions for binding different substrates, which in contrary use areas to interact 

with Hsp26 which do not share obvious similarities regarding their phsyico-chemical 

properties. Thus, our data also suggest that broad substrate specificity does not stem from 

multiple binding sites within the Hsp26 molecule and as well does not arise from general 

recognition sites or motifs within its substrates. Therefore, it is likely that wide substrate 

specificity originates from other sources as heterogenous and dynamic oligomeric 
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organization. As conclusion, our data suggest a mechanism in that Hsp26 adopts itself on 

a structural level to be able to recognize many different substrates mainly by its MD which 

is part of the flexible NTD.  

In the second part of this work we used qXL-MS to better understand the molecular 

changes that occur within Hsp26 during heat activation and substrate binding. In order to 

do so, we have applied qXL-MS to different stages of the heat-induced activation of Hsp26 

as well as substrate binding. Here we find strong and apparently consistent changes in 

cross-link abundances as function of heat incubation, suggesting that it is possible to 

monitor heat-induced activation of Hsp26 by qXL-MS. These observed changes could 

very well reflect structural changes associated with a transition into an activated or “high 

affinity state”, as it has been suggested previously (Franzmann et al., 2005). While we 

observed abundance changes within nearly all parts of Hsp26 upon heat-activation, these 

changes were different from the ones we observed after substrate binding. The most 

remarkable effects in this respect were associated with the MD. Here all cross-linking sites 

that did undergo changes during heat-activation were increased in absence of substrate. 

However, in presence of substrate these changes were reversed probably as direct 

consequence of substrate binding.  

While we and others could previously show that qXL-MS can provide a structural 

understanding of protein dynamics (N. Patel et al., 2017; Sailer et al., 2018; Walker-Gray 

et al., 2017), it is important to point out that quantitative cross-link data are still difficult to 

interpret since a multitude of effects as distance change, steric hindrance, accessibility, 

reactivity as well as potentially network effects can contribute to abundance changes 

(Chen and Rappsilber, 2018). Still, the strongly and consistently altered links within the 

MD while Hsp26 heat-activation are a good indication that some sort of structural 

rearrangement occurs, which in turn alters the cross-link yield of the lysines within the MD. 

This could be a conformational change within the MD or its orientation towards the rest of 

the protein but also even changes within neighboring reason could influence the reactivity 

of these lysines. However, as a first approximation the data point to some sort of structural 

changes involving the MD and therefore emphasize the high relevance of this domain for 

Hsp26 activation. Our results are in good accordance with previous work which had 

identified the MD as “thermosensor” undergoing changes on the level of its tertiary 
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structure during heat activation of Hsp26 (Franzmann et al., 2008). Similarly, in a study 

using another sHsp, conformational changes within the NTD were proposed to work as 

molecular switch for transition into an activated form (L. Liu et al., 2015). In line with that, 

changes in substrate binding affinity were correlated with conformational changes within 

the NTD (Shi et al., 2013).  

Generally, the current working model in the sHsp field considers an increased exposure 

of the NTD during activation through oligomeric dissociation or expansion and thereby 

increased conformational flexibility of the NTD as the molecular basis that enables 

substrate binding and ensures broad substrate specificity (reviewed in Haslbeck et al., 

2019; Haslbeck and Vierling, 2015). In our work we can support and corroborate this 

hypothesis via qXL-MS data.  

As exciting as these results are, they still do not sufficiently explain the molecular 

mechanism of sHsp activation and complex formation. The open question remains, if 

single oligomeric species or folding variants with strong binding affinity for certain 

substrates do exist or if the substrate specificity is mainly controlled by the intrinsic 

structural flexibility of the NTD. Most likely both mechanisms somehow contribute to 

substrate specificity or maybe work in close connection, meaning that folding changes of 

the NTD in some cases require or cause changes on the oligomeric level. Some authors 

also discuss the possibility that large oligomers are only storage forms to bury the NTD 

and therefore exist to regulate chaperone activity (Haslbeck et al., 2019).  However, this 

is in contradiction to the fact that oligomeric expansion was as well observed during 

activation (Benesch et al., 2010) and even causes increased binding affinity (Mishra et al., 

2018).  

We think that the most likely scenario is that evolution has created a large ensemble of 

species and mechanism, which, depending on the nature of the sHsps constitute the 

active component. In future studies it will be key to structurally probe the diversity of sHsps 

to be able to obtain a full picture of the oligomeric species, different conformations and 

folding states existing in nature, and link them to biological function and relevance. In order 

to achieve this goal most likely only an integrative approach comprising in-solution 

techniques as NMR, native MS and XL-MS in combination with classical biochemical 

separation and fractionation methods will be successful. One promising approach could 
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be the further development of combining native MS and ion-mobility MS, which has 

already proven its feasibility to detect the oligomeric distribution of sHsps (Hochberg et 

al., 2014; Stengel et al., 2010) and also has the potential to as well distinguish between 

differentially folded oligomers of the same size. Another promising attempt could be the 

combination of qXL-MS and isotopically labelled proteins which allows to distinguish 

between monomeric intra-links and dimeric intra-links (Lima et al., 2018; Sailer et al., 

2018). Such an approach could potentially allow us to detect conformational changes 

occurring on the monomeric or oligomeric level. Here, a prior biochemical fractionation by 

e.g. BN-PAGE could then even allow to distinguish between conformations of single 

oligomeric species.  

On condition that we will require an even deeper understanding of the molecular and 

kinetic processes over cross-link formation and thus quantitative XL-MS, a combination of 

such quantitative XL-MS data with high-resolution data may succeed in generating 

complete models of heterogeneric structural ensembles formed by sHsps in the future and 

therefore enable us to truly understand their biological functions.  

 

In the second study of this thesis cross-linking was applied on a proteome-wide scale. The 

field of proteome-wide cross-linking is relatively young and still at the very beginning. Only 

in the last years more and more studies were published that applied XL-MS to more 

complex protein environments. Starting with applications to medium-scale affinity enriched 

samples (Herzog et al., 2012), XL-MS was subsequently applied to cell lysates (Klykov et 

al., 2018; F. Liu et al., 2015), intact cells (Kastritis et al., 2017), extracts from embryos 

(Götze et al., 2019) or even whole tissues (Chavez et al., 2018). In “conventional” 

proteomics, nowadays it is in principle possible to detect nearly 90 % of all proteins 

believed to be expressed at a given timepoint in human cells, including low abundant ones 

(Omenn et al., 2019). However, in all proteome-wide cross-linking studies performed so 

far, only a very limited number of proteins could be detected. Even more so, the proteins 

that were detected showed a clear trend to very abundant proteins as the ribosome or 

chaperones (Klykov et al., 2018; F. Liu et al., 2015; Liu et al., 2017).   

In the current study we have systematically mapped previously published proteome-wide 

cross-linking studies onto existing protein abundance data and could clearly demonstrate 
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a strong bias towards the detection of cross-links on proteins that are expressed in large 

copy numbers. This means that current proteome-wide cross-linking studies are still 

somewhat limited in what they are able to detect within a proteome and are only able to 

observe a subset of rather abundant proteins. This presents a fundamental problem for 

studying PPIs in cells or cell lysates on a proteome-wide scale. The field of cross-linking 

MS, in particularly when doing proteome-wide cross-linking studies, has been for many 

years under the impression that formed cross-links cannot be detected (due to limitations 

in sensitivity of mass spectrometers or due to being over shadowed by more abundant 

cross-links). In our experimental part of the study we could show that one portion of the 

problem is that low abundant proteins within the proteome are only cross-linked to low 

extent when using cross-linker concentrations that have been used conventionally 

(Iacobucci et al., 2019).  

We also substantiated the data with a kinetic model that shows that current protocols work 

under second order kinetics, here high abundant proteins are preferentially cross-linked. 

To overcome this problem higher cross-linker concentrations are necessary in order to 

cause a transition to first-order reaction kinetics, resulting in cross-linking of lower 

abundant proteins. However, because high cross-linker concentrations can as well lead 

to over cross-linking or aggregation of high abundant proteins, we propose to implement 

various cross-linker concentrations in future proteome-wide cross-linking protocols. Our 

study introduces a completely new aspect into the discussion of proteome-wide cross-

linking. Before, the main assumption was that low abundant cross-links are below the 

detection limit and/or are chromatographically overlaid by higher abundant peptides (Yu 

and Huang, 2018). This assumption is still true and potentially also the main reason for 

the bias to higher abundant proteins, but as we could proof, not the only cause as we 

show that the bias to higher abundant proteins is also caused by the propensity of cross-

links to preferentially form on high abundant proteins and not by the inability to detect 

cross-links due to limitations in current MS technology, leading to a paradigm shift in how 

we need to think about proteome-wide cross-linking in the future. 

In the recent past new cleavable cross-linker, MS methods and corresponding software 

tools were developed, improving the cross-link detection and overcoming the problem of 

an exponentially increasing search space (reviewed in Piersimoni & Sinz, 2020). 
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Generally, cleavable cross-linker now turn out to be the method of choice for proteome-

wide cross-linking studies. A further development in the field is the introduction of small 

and removable affinity tags coupled to the cross-linker to enrich for cross-linked proteins 

or peptides (Huang et al., 2019; Matzinger et al., 2020; Steigenberger et al., 2019). The 

general concept of using tagged cross-linkers is not new since other groups have already 

worked with biotinylated cross-linkers (Petrotchenko et al., 2011; Yang et al., 2011) but 

the huge biotin group potentially compromises cross-linking itself and impairs MS 

detection. Due to these reasons, many groups are now using small phospho-tags or 

cleavable tags bound to cleavable cross-linkers. Particularly, the combination of a 

cleavable affinity tag which is added for cross-link enrichment and removed prior to MS 

measurement (Burke et al., 2015; Matzinger et al., 2020; Vellucci et al., 2011) looks highly 

promising and points to the exiting perspective that soon proteome-wide cross-linking 

studies with significant deeper protein-coverage will be possible.   

In addition, several other MS-based techniques to map PPIs in their cellular context do 

exist. Affinity purification MS (AP-MS) is a powerful tool and for a long time was the gold 

standard to detect PPIs of principally all proteins of interest. In 2015 and 2017 Bioplex and 

Bioplex2 were presented comprising the largest dataset of human protein interaction 

networks and co-complexes to date (Huttlin et al., 2017, 2015).  In comparison to cross-

linking MS, AP-MS works with unmodified peptides and therefore even low abundant 

proteins principally can be detected. Furthermore, it exceeds the binary level since whole 

protein complexes are identified rather than exclusively single PPIs. However, no direct 

interaction sites can be identified, and a genetically encoded affinity tag is usually required. 

Another big disadvantage is that the interactome of only on protein can be assessed in 

one experiment. This makes the technique extremely time-consuming if larger datasets 

are aspired (Titeca et al., 2018).  Another drawback is that instable or transient interactions 

are often not captured since they are disrupted and washed away during sample 

processing. This mainly triggered the development of complementary proximity-based 

labelling methods as BioID and APEX. Both techniques are based on the transfer of biotin 

to proteins in spatial proximity, catalyzed by the fusion protein of interest. In the latter steps 

biotinylated proteins are purified and detected by MS. These methods can be used to 

acquire cellular snapshots of PPIs, particularly APEX works within 1 minute and allows 
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therefore to monitor also fairly dynamic processes. Both techniques are also capable to 

capture transient interactions as XL-MS and in contrast to AP-MS, but they do not 

intrinsically exceed the binary level and, as with AP-MS, no direct interaction sites can be 

identified (Titeca et al., 2018).  A further method to identify PPIs in cellular environment is 

the usage of genetically encoded cross-linkers. Here, reactive unnatural amino acids are 

site specifically incorporated into a protein of interest and cross-linked by UV irradiation to 

spatially close proteins (reviewed in Miyazaki et al., 2019; Yang et al., 2016a). This method 

allows to capture very transient interactions, reactivity is not restricted to specific amino 

acids and the spatial resolution can be very high. Furthermore, dynamic processes can 

be followed since short UV exposure times can be applied. The bottleneck has been a 

proper and easy detection. In most of the cases detection was carried out solely by 

immunoblotting, since MS detection of UV cross-linked peptides in complex environments 

is not trivial and usually requires manual spectra annotation. In the recent past the 

development of multifunctional photo cross-linkers equipped with a MS detectable label 

which is transferred from the bait to the prey protein after cross-linking has significantly 

simplified the MS detection of cross-linked interactors (Lin et al., 2014; Yang et al., 2016b). 

Here, some cross-linkers as well allow to couple a fluorophore dye or biotin to the labelled 

prey protein which facilitates detection or further enrichment. A recently published work 

flow enables identification of interacting proteins and interaction sites, involving prior 

affinity purification of the bait protein and in-gel processing without the need for a prior 

purification step (Y. Yang et al., 2017). A variation is the usage of an unnatural amino acid 

which reacts spontaneously with spatially close cysteines. After affinity purification of the 

bait protein, a biotin tag can be coupled to the covalent bond for further enrichment or the 

interaction can directly be identified by MS using standard software used for non-cleavable 

cross-linkers (B. Yang et al., 2017).   

Although such a rich arsenal of  evolving, complementary MS-based methods to monitor 

PPIs and protein complexes in their native environment does exist, the idea of a true 

proteome-wide cross-linking study, allowing the identification of all PPIs within a cell in 

their native environment within only a single experiment, is stunning. And the opportunities 

and biological question to which proteome-wide cross-linking could be applied seem 

endless (e.g. influence of stimuli or stress, changes through disease-related mutations, 
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comparison of cell types, patients or aged cells). In future studies – as soon as proteome-

wide cross-link is matured even further – one main focus could be on combining XL-MS 

with modern co-elution profiling methods. In recent years it was shown that co-elution 

profiles based on quantitative proteomics allow to detect intact protein complexes in their 

native environment (Hu et al., 2019; Yang et al., 2010). This was even further developed 

by using state of the art quantification by data-independent acquisition (DIA) (Bludau et 

al., 2020; Heusel et al., 2019). A combination of proteome-wide cross-linking and protein 

complex profiling could potentially in future allow to assign cross-linking derived PPIs to 

the originating intact protein complex, which could indeed deeply heighten our 

understanding of macromolecular machines and cellular processes. Still, only an 

integrative hybrid approach, combining various methods, will most likely succeed.  

In the third part of this thesis we applied XL-MS to the emerging field of biomolecular 

condensates. In the last years a large number of studies were published showing that cells 

are able to form membraneless compartments by a process termed Liquid-Liquid Phase 

Separation (LLPS) (reviewed in Alberti et al., 2019; Banani et al., 2017; Bracha et al., 

2019). During LLPS macromolecules as proteins or nucleic acids reach their solubility limit 

(the saturation concentration), meaning that it becomes energetically favorable to 

condense into droplet-like structures, which can then function as cellular compartments. 

These compartments have much higher concentrations of contained macromolecules 

(usually proteins and nucleic acids) and undergo constant material exchange with the 

surrounding dilute phase. They constitute a separated reaction room with distinct reaction 

kinetics which means that they can be used by the cell to e.g. accelerate biochemical 

reactions as well as inhibit or slow down processes, in cases where specific reaction 

compounds are precluded from entering the condensed phase. Biomolecular condensates 

can further function to buffer the concentration of a compound in the dilute phase, have a 

storage function or are used for adaptive responses to stress (reviewed in Alberti et al., 

2019; Banani et al., 2017). Examples of an ever-growing list of biomolecular condensates 

are stress granules, P bodies, nuclear speckles, or the nuclear pore complex (Banani et 

al., 2017). More and more studies point to the exciting fact that LLPS is actively regulated 

by the cell via divers mechanisms as ATP concentration (A. Patel et al., 2017), DEAD box 

ATPases (Hondele et al., 2019), methylation (Qamar et al., 2018) or phosphorylation 
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(Monahan et al., 2017). Another important requirement for molecules to be able to undergo 

LLPS is multivalency, which means that the molecules harbor multiple, often repetitive 

sequence segments that undergo a network of low-affinity interactions. This is already 

well described for proteins with low complexity domains, oligomerization domains or 

repeated interaction domains (Banani et al., 2017; Bracha et al., 2019). It is as well widely 

accepted that some proteins act as scaffolds, others as substrates that partition into 

preformed condensates. One of the many open questions is what happens on a structural 

level within condensates. Do the molecules adapt any kind of ordered structure within 

condensates or do they solely assembly into larger, but flexible and heterogeneous 

assemblies? Another question is, if proteins which partition into droplets undergo any kind 

of specific PPIs which are facilitated by an altered protein conformation.  

NMR has developed into an important technique for the structural probing of LLPS in 

recent years. A number of studies investigating isolated systems have been published, 

commonly observing that the proteins remain disordered in the condensed state, while 

forming weak and transient interactions (reviewed in Murthy & Fawzi, 2020). No evidence 

for major structural change or a transition to an ordered protein complex was reported.  

XL-MS is in principle well suited to study condensates since cross-linking can be carried 

out directly in solution under native conditions potentially allowing comparative as well as 

quantitative studies. Furthermore, even disordered and heterogeneous protein 

assemblies can be studied. In this study we applied XL-MS and time-resolved qXL-MS to 

the protein FUS which is one of the most studied phase-separating proteins. FUS is a 

RNA-binding protein which is enriched in the nucleus and involved in transcription, DNA 

repair, and RNA biogenesis (Polymenidou et al., 2012; Wang et al., 2013; Wang and Guo, 

2008). Certain mutations in FUS are connected with amyotrophic lateral sclerosis (ALS) 

and rare forms of frontotemporal lobar degeneration (FTLD) (reviewed in Deng et al., 

2014) 

It was previously demonstrated that cation-pi interactions between the LCD and the RGG 

(arginine and glycine rich region) of FUS are the driving force for phase separation (Qamar 

et al., 2018; Wang et al., 2018). In  a further study it was also shown that the deletion of 

the RRM as well as the ZnF did not decrease phase separation, suggesting that these 

regions are not essential to carry out LLPS (Yoshizawa et al., 2018). The structure of 
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phase separated FUS was also studied by NMR. Here, no structural differences between 

dilute and condensed state could be observed for the isolated LCD, leading to the 

conclusion that the LCD remains disordered in the droplet state while undergoing 

multivalent and dynamic interactions (Murthy et al., 2019). This was later confirmed in a 

study that investigated structural changes of the LCD in presence of the RGG under phase 

separating conditions, which as well concluded that the LCD remains disordered (Id et al., 

2019). 

In our study, we compared changes in cross-link quantity of FUS in condensed and dilute 

phase and could detect robust and reproducible changes of cross-linking patterns during 

condensation. We particularly detected strong changes within the RRM of FUS. The 

identification of strong and consistent changes during condensation by qXL-MS and the 

absence of ordered structures in the condensed phase, as observed by NMR, appear to 

be a contradiction at first glance. However, these studies were carried out on isolated 

domains and not full-length intact FUS as in our study. Moreover, qXL-MS is potentially 

more suitable to investigate this kind of “fuzzy” interactions and flexible conformations 

compared to NMR. 

In the next step we looked at the interaction of FUS and HspB8. A microscale 

thermophoresis experiment showed that both proteins do not interact in the dilute phase, 

not even under unphysiologically high concentrations. However, as soon as FUS forms 

droplets, HspB8 partitions into the preformed FUS condensates and overlays perfectly 

with the FUS signal as shown by fluorescence microscopy. By using mutants of HspB8 

we could also demonstrate that HspB8 mediates droplet partition by interaction of its 

N-terminal IDR and the LCD of FUS, particularly mediated by arginines within its IDR and 

tyrosines within the LCD. To gain molecular insights into this interaction of both proteins, 

we studied FUS in presence of HspB8 by XL-MS in the droplet and dilute state. Our data 

demonstrate an interaction in the condensed state between both the LCD and RRM of 

FUS with the αCD of HspB8. In the dilute phase a significant lower number of cross-links 

involving the LCD was detected and we did not detect any αCD-RRM inter-links. These 

results point to a droplet-specific interaction of FUS and HspB8 and to a droplet-specific 

interaction site mediated by the RRM of FUS and the αCD of HspB8.  
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In a recent study with FUS-LCD and another sHsp HspB1, it could be demonstrated that 

the wildtype of HspB1 dissolves FUS-LCD condensates. Here, it was shown that the NTD 

of HspB1 interacts with the LCD of FUS diminishing inter-molecular contacts that are 

mandatory for LLPS (Liu et al., 2020). A phosphor-mimic mutation, introduced to the NTD 

of HspB1, as well leads to partitioning into FUS-LCD condensates but had a strongly 

reduced effect in dissolving them. In our study we did not observe HspB1 partitioning or 

dissolving of FUS droplets, however, it must be considered that we used another kind of 

HspB1 phospho-mimic mutant, and we worked with physiological concentrations of full 

length FUS rather than artificially high LCD concentrations. On the other hand, these 

results as well show that interaction of the NTD of a sHsp and the LCD of FUS is the 

driving force for client partitioning. Here, the AA composition of the NTD which differs 

largely between HspB8 and HspB1 and its charge regulation by e.g. phosphorylation 

seems to be decisive whether a sHsp incorporates into preformed FUS condensates or 

destroys the intermolecular pattern responsible for LLPS.  

In a further experiment we performed time-resolved qXL-MS in order to investigate 

molecular aging of FUS; meaning that we looked at the changes that FUS undergoes after 

fresh droplets have formed, leading to hardening and finally to fibers formation, using qXL-

MS. These data show that the majority of changes did not occur before the final fiber state 

was reached. Also, a significant part of these changes was RRM associated. Based on 

these results we constructed a mutant of FUS in that the RRM domain was deleted and 

performed aging assays using fluorescence microscopy in presence and absence of 

HspB8. These experiments showed that HspB8 is able to fully inhibit the aging process of 

FUS. Deletion of the RRM domain in FUS∆RRM significantly slowed down aging and first 

amorphous gels appeared after 36 hours. Remarkably, HspB8 was not able to prevent 

aging of the FUS∆RRM mutant indicating that HspB8 binding to the FUS:RRM is required 

for HspB8 to act as a chaperone for FUS. Thus, while the RRM domain does not seem to 

be solely responsible for FUS aging, it significantly contributes to the initiation of the 

process. Our data also showed that local unfolding of the RRM domain of FUS significantly 

contributes to aggregation and that the HspB8-αCD prevents FUS aging by stabilizing the 

folded FUS-RRM inside condensates, similar to RNA. 
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We could further support this hypothesis by a disease-related HspB8 mutant which had 

an altered αCD-RRM interaction pattern, initiated a changed RRM cross-link pattern and 

did not show an aging-inhibiting effect.  

Taken together, our condensate cross-link study demonstrates that proteins form droplet-

specific interactions. It also highlights the importance of the folded RRM during molecular 

aging, suggesting that aggregation of the RRM is a driving force or starting point for FUS 

aging (even though it is not the only region involved). The interaction with HspB8 via a 

αCD-RRM interface stabilizes the RRM and likely protects the whole protein against 

molecular aging. In a cellular context sHsps could play such a role during localization of 

FUS to the cytoplasm or in case of low RNA levels.  

In the past, it was shown that the patient-derived mutations G156E within the LCD or 

R244C within the RGG1 both cause strongly accelerated fiber formation of the full-length 

protein FUS (Patel et al., 2015). In another work, it was shown in vivo that the LCD alone 

is sufficient for aggregation causing neurotoxicity. Nevertheless, the other parts of the 

protein buffered this effect and made the LCD less prone towards toxic aggregation 

(Murakami et al., 2015). On a structural level it was demonstrated that the isolated LCD 

alone can artificially be converted into the fiber state and a beta-sheet forming core region 

was identified by NMR (Murray et al., 2017), even though this was not shown for full length 

FUS. In addition to this LCD focused studies, there are reports that the RRM is as well 

undergoing self-assembly into amyloid-like fibers. It was also shown that the RRM is 

folded within the full length protein but is as well prone to irreversible unfolding and fiber 

formation (Lu et al., 2017). These results could be confirmed and further extended to 

TDP-43 (Agrawal et al., 2019), another RNA-binding protein which undergoes LLPS and 

is associated with ALS and FTLD (reviewed in Prasad et al., 2019), and was also recently 

supported by a work which demonstrated that ATP binds specifically to the RRM and 

inhibits RRM fiber formation (Jian Kang et al., 2019).  

Interpretation of our results in light of recent findings, lets a picture start to emerge in which 

the condensed phase of FUS is extremely prone towards transition into an aberrant and 

toxic state. Here both the LCD and RRM contribute to aggregation and fiber formation. 

Evolution has built up multiple regulators or protective mechanisms as RNA levels, high 
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ATP concentrations, methylation, phosphorylation or interacting proteins to either dissolve 

condensates or keep up their dynamics and homeostasis. Now, more and more evidence 

shows that disbalances in these systems as mutations which e.g. change phase 

separation behavior or cause mislocalization into the cytoplasm can lead to the formation 

of stress granules which most likely act as precursor to pathological aggregates found in 

ALS and FTLD (reviewed in Alberti & Dormann, 2019). 

Our work also demonstrates the feasibility and potential of structural MS techniques for 

studying molecular condensates. Even though a downside of the current work is that it is 

both in vitro and rather of low complexity, as it contains only two different proteins. Future 

work should therefore aim to reconstitute near native compartments consisting of many 

proteins and nucleic acids. Here, cross-linking MS could strongly contribute to the 

understanding of the architecture of molecular condensates since in principle a high 

number of interacting sites can be identified in one approach. Additionally, native MS could 

be a technique that can be deployed to explore the changes in the oligomerization state 

during condensation. This would be interesting, since one of the open questions is, if 

proteins form stable and structured oligomers within droplets.  

The decisive and critical step will then be the transition from the in vitro level into the cell. 

Here, some preliminary studies doing AP-MS of known stress granule (SG) proteins was 

performed after centrifuge-based stress granule enrichment and proteins were 

quantitatively related to the ones in unstressed cells to identify the SG proteome (Jain et 

al., 2016). Further studies were utilizing proximity-labeling in order to identify the protein 

composition of the SG. One study used APEX2 and SILAC based quantification between 

stressed cells and unstressed cells to identify the interactome of the SG core component 

G3BP1 (Markmiller et al., 2018). Another large-scale study used BioID of 119 proteins, 

identifying in total 144 core components of SGs and P bodies (Youn et al., 2018). In a 

further study it was shown that APEX2 can also be utilized to identify the spatial 

transcriptome within SGs. Matching of simultaneously detected RNAs and RNA-binding 

proteins allowed for a deeper understanding of SG composition. Furthermore, it was 

demonstrated that dynamic changes within SGs can be monitored by this technique 
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(Iwasaki et al., 2019).  In future studies one could try to couple in vivo XL-MS with granule 

enrichment and/or affinity purification of SG components.  

In this thesis three independent studies were presented, all applying XL-MS in order to 

shed light on different biological questions. Although XL-MS here helped to heighten our 

understanding of molecular processes using various in vitro settings, further technical 

developments and case studies are urgently needed to 1) increase the reliability as well 

as the understanding of the structural and biological value of qXL-MS data 2) allow large-

scale and comprehensive proteome-wide or compartment-wide cross-linking studies. 
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