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“You have evolved from worm to man, but 

much within you is still worm” 

by Friedrich Nietzsche 
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Abstract 
 

 

 

 

The proteins are preserved in the cell via protein homeostasis. During a cellular 

stress, the integrity of the proteome is disturbed. The molecular chaperones, the 

ATP-dependent and ATP-independent, are the key players of a proteostasis. The roles 

of the ATP-dependent proteins, such as Hsp60, Hsp70, Hsp90, Hsp100, are well 

defined. Although we know that ATP-independent small heat shock proteins (sHsp) 

protect unfolding substrate proteins, the molecular mechanisms of their roles are yet 

elusive. In this study, a family of the highly homologous proteins of the Hsp16 family 

in Caenorhabditis elegans were analysed. They were investigated in regards of the 

structure and functions with a special interest in the high homology of up to 93% 

between these chaperones.  

This study revealed that a homology of the Hsp16s has driven the functional and 

structural division of this family into the homologous pairs. Hsp16.1 and Hsp16.2, as 

well as, Hsp16.41 and Hsp16.48 show a pair-wise division in regards of their structure 

and a chaperone activity. For example, the sizes of the oligomers were similar within 

the pairs and each pair had either holdase or aggregase activity in vitro.  

Using a proteomics approach, it was revealed that a temperature has shaped the 

interactomes of these molecular chaperones. The numerous interaction partners 

were different in their biological functions and cellular localisation. Thus, Hsp16s are 

involved in various proteostasis mechanisms and potentially other house-keeping 

events, such as metabolic processes, development and reproduction. The overlap of 

the interactors for each Hsp16 is high at the same elevated or permissive 

temperature, with many shared substrates. However, interactome shifts towards 

different interactors once temperature changes. Interestingly, the chaperone activity 

was not altered at permissive temperature and does not require dissociation of the 
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oligomers into smaller species. Moreover, the FRET experiments confirmed that 

Hsp16s communicate with each other in vitro as well as with the two members of 

Hsp12 family, implying that the last may modulate the activity of the Hsp16 family. 

This study presents a detailed and systematic characterisation of the homologous 

family of the molecular chaperones – Hsp16s. It shows that Hsp16s evolved into a 

family of homologous and communicative proteins with to expand the interactome, 

thus, chaperone network.   
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Zusammenfassung 
 

 

 

 

Die Proteine werden in der Zelle durch Proteinhomöostase erhalten. Während eines 

zellulären Stresses ist die Integrität des Proteoms gestört. Die molekularen 

Chaperone, die ATP-abhängigen und ATP-unabhängigen, sind die Hauptakteure der 

Proteostase. Die Rolle der ATP-abhängigen Proteine, wie Hsp60, Hsp70, Hsp90 und 

Hsp100, ist gut definiert. Obwohl wir wissen, dass ATP-unabhängige kleine 

Hitzeschockproteine (sHsp) die Entfaltung von Substratproteinen schützen, sind die 

molekularen Mechanismen ihrer Rolle noch nicht geklärt. In dieser Studie wurde eine 

Familie von hoch homologen Proteinen der Hsp16-Familie in Caenorhabditis elegans 

analysiert. Sie wurden im Hinblick auf ihre Struktur und Funktionen untersucht, 

wobei die hohe Homologie von bis zu 93 % zwischen diesen Chaperonen von 

besonderem Interesse war.  

Diese Studie ergab, dass die Homologie der Hsp16 die funktionelle und strukturelle 

Aufteilung dieser Familie in homologe Paare bewirkt hat. Hsp16.1 und Hsp16.2 sowie 

Hsp16.41 und Hsp16.48 zeigen eine paarweise Aufteilung in Bezug auf ihre Struktur 

und Chaperonaktivität. So waren beispielsweise die Größen der Oligomere innerhalb 

der Paare ähnlich und jedes Paar hatte in vitro entweder Holdase- oder Aggregase-

Aktivität.  

Mithilfe eines Proteomics-Ansatzes wurde festgestellt, dass die Interaktome dieser 

molekularen Chaperone durch Temperatur definiert ist. Die zahlreichen 

Interaktionspartner unterschieden sich in ihren biologischen Funktionen und ihrer 

zellulären Lokalisierung. So sind die Hsp16 an verschiedenen 

Proteostasemechanismen und möglicherweise an anderen Haushaltsvorgängen wie 

Stoffwechselprozessen, Entwicklung und Fortpflanzung beteiligt. Die Überlappung 

der Interaktoren für jedes Hsp16 ist bei der gleichen erhöhten oder permissiven 
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Temperatur hoch, mit vielen gemeinsamen Substraten. Sobald sich jedoch die 

Temperatur ändert, verschiebt sich das Interaktom hin zu anderen 

Interaktionspartern. Interessanterweise wurde die Chaperonaktivität bei permissiver 

Temperatur nicht verändert und erfordert keine Dissoziation der Oligomere in 

kleinere Spezies. Darüber hinaus bestätigten die FRET-Experimente, dass Hsp16 in 

vitro sowohl miteinander als auch mit den beiden Mitgliedern der Hsp12-Familie 

kommunizieren, was darauf hindeutet, dass letztere die Aktivität der Hsp16-Familie 

modulieren können. 

In dieser Studie wird eine detaillierte und systematische Charakterisierung der 

homologen Familie der molekularen Chaperone - Hsp16s - vorgestellt. Sie zeigt, dass 

sich die Hsp16s zu einer Familie homologer und kommunikativer Proteine entwickelt 

haben, die das Interaktom und damit das Chaperon-Netzwerk erweitern.   
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I. Introduction  

 

 

 

Protein homeostasis 
 

Proteostasis (protein homeostasis) is regulated by a sophisticated network of 

components that act to preserve proteins in the correct subcellular location, right 

concentration and confirmation. These aspects are achieved by the cooperative work 

of the network and results in the stability and functioning of the proteome (Clausen 

et al., 2019). The disturbance of proteome integrity is linked to disease development 

and aging (Calloni et al., 2020) as proteins participate in nearly all processes in the 

cell to preserve the cellular functions, healthspan and response to stress.  

In all organisms the proteome is a dynamic equilibrium in which protein folding is 

balanced with degradation. Correct folding and protein stability are key aspects of 

the proteome balance (Balch et al., 2008). The amino acid sequence defines protein 

structure and function. This statement was supported by Afinsen’s in vitro 

experiments on the folding of ribonuclease A (Anfinsen et al., 1961). To become fully 

functional, a protein has to obtain a native folded state. Such a state is highly dynamic 

as proteins continuously unfold and fold back (Sekhar and Kay, 2019).  

In many cases, proteins can adopt several stable confirmations, which is often 

influenced by the environment. Such variability can impact biological processes in 

both positive and harmful ways. In such harmful cases, the “misfoded” state often 

results in aggregate (amorphous polymer) or amyloid (fibril polymer) (Dobson, 2001; 

Powers et al., 2009; Fox and Yamamoto, 2015; Whitney et al., 2019). Protein 

misfolding is linked to a variety of diseases, including neurodegenerative disorders, 

cancers, cardiovascular disease and type II diabetes. A major risk factor for many of 

these disorders is age (Balch et al., 2008; Feleciano et al., 2019). With the progress of 



 
 

 

- 12 - 

aging, the accumulation of toxic proteins introduces a challenge on proteostasis. 

During stress, the proteostasis network coordinates the clearance and disaggregation 

of protein aggregates to enable cells to cope with proteotoxicity especially during 

aging.  

It is known that misfolded proteins usually expose hydrophobic patches, which is a 

target to cellular degradation and refolding machineries. To protect homeostasis, 

misfolded proteins must be either refolded or cleared via a sophisticated protein 

quality control (PQC) system (Samant and Frydman, 2019). It consists of degradation 

pathways and numerous molecular chaperones and co-chaperones, all working 

together on refolding or removal of dysfunctional proteins (Clausen et al., 2019). The 

folding of proteins is relatively challenging in vivo, as the environment in cell is 

extremely crowded (Ellis and Minton, 2006). It is likely that the need of chaperones 

initially arose due to the necessity to minimise protein degradation in crowded cells 

(Hart et al., 2011).  

The clearance of toxic aggregates is executed through protein degradation pathways. 

It is mediated by ubiquitin-proteasome system (UPS) and the autophagosomal-

lysosomal pathway (ALP). The UPS is the primary pathway for short-lived and 

misfolded proteins and takes part in several cellular functions, including cell survival 

and apoptosis. The ALP removes large and potentially dangerous protein aggregates 

(Dikic, 2017). 

Before passing on the misfolded proteins to UPS for destruction, the chaperone 

system tries to rescue the proteins through disaggregation and refolding. This is 

performed by ATP-dependent chaperones, which mostly belong to the Hsp60, Hsp70, 

Hsp90 and AAA+ families (Bukau et al., 2006; Hartl et al., 2011; Mogk and Bukau, 

2017; Feleciano et al., 2019). In addition, the families work in cooperation with co-

chaperones, such as the Hsp40 family of co-chaperones and Hsp70 (Figure 1).  
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Figure 1. Proteostasis network and its components. The misfolded proteins are either 
refolded by a chaperone network or degraded by AAA+ proteases. The misfolded 
proteins can be disaggregated by Hsp70/Hsp100 machinery or tageted to 
degradation (adapted from Reinle et al., 2022).    
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Classes of molecular chaperones 

 

ATP-dependent chaperones 

 

Currently the information about molecular chaperones divides them into 5 major 

classes based on their molecular weight.  They are named as the heat shock proteins 

(Hsp) based on their original discovery (Ritossa, 1962). Although the historical name 

of chaperones implies their dependence upon heat stress, they also are needed 

under non-stress cellular conditions. Hsps are generally ATP-hydrolysing Hsp60, 

Hsp70, Hsp90, Hsp100 families and the ATP-independent small heat shock proteins 

(sHsp) (Hayer-Hartl et al., 2016; Rosenzweig et al., 2019; Schopf et al., 2017; Sabil, 

2013; Hasbeck and Vierling, 2015; Bascos and Landry, 2019; Dahiya and Buchner, 

2019).  The ATP cycle together with substrate recognition, binding and release are 

modulated by co-chaperones, such as Hsp10, Hsp40 (termed as J-proteins, DnaJ and 

Hsp70 co-chaperones), nucleotide exchange factors and many Hsp90 co-chaperones 

(Kampinga and Craig, 2010; Bracher and Verghese. 2015; Biebl and Buchner, 2019). 

Such sophisticated network implies flexible interaction and communication between 

chaperones and co-chaperones. For example, different Hsp40s may interact with the 

same Hsp70 to drive its substrate specificity (Kampinga and Craig, 2010). Likewise, 

Hop/Sti1 bridges both Hsp90 and Hsp70 (McClellan et al., 2005).  

In general, Hsp60s are divided into two classes – Group I and Group II. The first group 

includes bacterial GroEL and Hsp60 found in mitochondria and chloroplasts. The 

second group includes chaperonins found in archaebacterial and eukaryotes, termed 

as TRIC/CCT (Hartl et al., 2011).   

One of the most famous Hsp60s is its E. coli homolog – GroE, which consists of GroEL 

and GroES components (Fayet et al., 1989). GroEL (60 kDa) has a cylindrical structure 

that consists of seven subunit rings with a cavity in all of them (Figure 2, a). The 

subunits are divided in apical, intermediate and equatorial domains. The equatorial 

domain has an ATP-binding site (Thiyagarajan et al., 1996). Apical domain is able to 

bind substrate and GroES (Braig et al., 1993; Langer et al., 1992), which is required 
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for GroE function. GroES also has a ring structure that is formed by seven subunits 

with a molecular weight of 10 kDa each and can bind GroEL in the presence of 

nucleotide (Langer et al., 1992; Hunt et al., 1996). GroE is able to bind different 

confirmations of substrates and modulate their structure (Horst et a., 2005). The 

mechanism is such that substrates are trapped in the GroEL cavity and released upon 

ATP hydrolysis and GroES dissociation (Burston et al., 1995). 

The Hsp70 family is comprised of 70 kDa large chaperones which hydrolyse ATP. They 

are involved in various cellular processes, such as unfolding and refolding, 

disaggregation, degradation and protein translocation (De Los Rios et al., 2006; Hu et 

al., 2006; Nillegoda et al., 2015; Fernández-Fernández et al., 2017; Craig, 2018). In 

eukaryotes, there is a constitutively expressed Hsc70 and heat stress induced Hsp70. 

In addition, there are two organelle-specific Hsp70s in the ER and mitochondrial 

(Behnke et al., 2015; Dutkiewicz et al., 2017).  

Structurally, Hsp70s are comprised of an ATP-binding domain (NBD) and a substrate 

binding domain (SBD) (Figure 2, b). Upon interaction with a substrate, Hsp70 exhibits 

dynamic conformational changes that are initiated by ATP-hydrolysis. This leads to 

an ATP-bound closed conformation with low affinity towards substrate to switch to 

the ADP-bound open state upon ATP hydrolysis (Takeda and McKay, 1996). In the 

presence of ATP, substrate binding is mediated via interaction with the SBD 

(Srinivasan et al., 2012; Schneider et al., 2016). In addition, Hsp70 functions are 

regulated by Hsp40 co-chaperones (J-proteins) and nucleotide exchange factors 

(NEF).  

Hsp40 proteins are a large and diverse group of chaperones that assist Hsp70s to fulfil 

their functions by binding to substrate proteins and effecting ATP-cycle (Laufen et al., 

1999). They carry J-domain that was shown to directly interact with SBD of Hsp70 

(Figure 2, c) and promote ATP hydrolysis (Kityk, et al., 2018). Release of hydrolysed 

ADP is promoted then by NEFs (Bracher and Verghese, 2015). In addition, NEFs were 

shown to stimulate the release of substrate by competing with it (Gowda et al., 2018). 

Release of the substrate allows spontaneous refolding of the protein. Alternatively, 
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the release of the substrate is followed by either its degradation or a handover to 

Hsp60 or Hsp90 for final maturation (Dahiya and Buchner, 2019).  

Hsp90 is a class of conserved ATP-dependent chaperones found in many organisms 

from bacteria to human. The functional cycle of Hsp90 is impressively complex as it 

consists of cooperative effort between co-chaperones and Hsp70 system. Hsp90 is its 

constitutively expressed and its expression is increased upon stress. In addition, the 

chaperone targets of Hsp90 are limited to a specific pool of substrates, such as 

kinases, hormone receptors, transcriptional factors etc. (Taipale et al., 2010; Taipale 

et al., 2012). The clear molecular mechanisms of Hsp90 cycle are still elusive due to 

a large number of its components.  

Hsp90 is a homo-dimer with each protomer carrying the N-terminal ATP-binding 

domain (NTD), the middle domain (MD) and the C-terminal dimerisation domain 

(CTD) (Figure 2, d). The Hsp90 homo-dimer can adopt open and closed 

conformations, which is regulated by ATP binding and hydrolysis. The transitions 

between Hsp90 conformation affect interaction with substrates and co-chaperones 

(Chadli et al., 2000; Richter et al., 2001; Shiau et al., 2006; Taipale et al., 2010).  
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Figure 2. ATP-dependent chaperones. a) Crystal structure of E. coli GroEL (PDB 1GRL). 
B) Crystal structure of ER-located Hsp70, BiP, in complex with ATP (PDB 6ASY). The 
nucleotide binding domain (NBD) and substrate binding domain (SBD) are illustrated. 
C) Structure of Hsp70 with ATP and J-domain of Hsp40 (PDB 5NRO). SBD, NBD, J-
domain, HPD (His33-Pro34-Asp35) and linker between HSp70 and Hsp40 are shown. 
D) Crystal structures of open (left) and closed (right) states of Hsp90 (PDB 2IOQ, PDB 
2CG9). N-terminal domain (NTD), middle domain (MD) and C-terminal domain (CTD) 
are illustrated. The conformational changes are modulated by ATP, co-chaperones 
and client (adapted from Braig et al., 1994; Yang et al., 2017; Kityk et al., 2018; Dahiya 
and Buchner, 2019).  

 

Co-chaperones of Hsp90 are a large subset of the chaperone network. Over 20 of 

them were identified in eukaryotic cells (Johnson and Brown, 2009). They have 

distinctive functions in a cell. For example, the largest group of co-chaperones, 



 
 

 

- 18 - 

termed tetratricopeptide or TPR co-chaperones, link Hsp70 and Hsp90 to assist in 

client binding. Among them is Hop (human) and its yeast homolog Sti1 (Kirschke et 

al., 2014; Richter et al., 2003; Röhl et al., 2015). Another TPR co-chaperones are the 

peptidyl-prolyl isomerases (PPIases). They catalyse cis-trans isomerisation in proteins 

(Schiene-Fischer, 2015) and might be involved in client hangover and activation 

(Dahiya and Buchner, 2019). Another type of co-chaperone, Cddc37 is specific to 

kinases and thus recruitment of kinase clients to Hsp90 (Keramisanou et al., 2016). In 

contrast, the p23 co-chaperone specifically targets a closed confirmation of Hsp90 to 

stabilise it and trap client proteins (McLaughlin et al., 2006).  

The chaperone network has undergone expansion in the time course of evolution 

(Kampinga and Craig, 2010; Taipale et al., 2010; Kominek et al., 2013; Ramsøe et al., 

2020). For example, Hsp40 family has evolved from only 3 members in E. coli to 18 in 

C. elegans and 49 in human (Kampinga and Craig, 2010; Frumkin et al., 2014; 

Shemesh et al., 2021). sHsp evolution is even more complex, as C. elegans and plants 

have more sHsps than human (Kriehuber et al., 2010; Frumkin et al., 2014).  

The diversity, flexibility and resilience of the chaperone system is evident under 

conditions of stress, which leads to the up-regulation of some chaperones. Typically, 

overexpression of chaperones improves the folding facility, however, some 

chaperones were shown to disrupt folding upon overexpression (Coppinger et al., 

2012; Blair et al., 2013). Similarly, downregulation of chaperones can lead to many 

diseases (Meister-Broekema et al., 2018).  

Recently, large-scale studies on chaperone network aberrations were performed in 

the context of heat stress, cancer, aging and neurodegeneration (Brehme et al., 2014; 

Finka et al., 2015; Hadizadeh Esfahani et al., 2018). The disfunction of the chaperome 

occurs in all tissues or can be tissue-specific, like in a case of C. elegans HLH-1 (MYOD1 

ortholog), a main transctiptional factor for muscle differentiation. It was shown to 

promote chaperone expression specifically in muscles (Bar-Lavan et al., 2016). Recent 

work by Shemesh et al (2021) identified a set of core chaperones that are 

ubiquitously expressed across all tissues. The authors present a website for searching 
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for the information on chaperones and their relationship and interaction across 

human tissues.  

The roles of ATP-dependent chaperones are well-defined, while much less is known 

about the functions of the ATP-independent small heat shock proteins (sHsps). Thus, 

the further focus of the study will be laid on small heat shock proteins.  
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The world of small heat shock proteins 

 

The class of small heat shock proteins is the most ubiquitous family of chaperones. 

They are present in all domains of life. sHsps act ATP-independently and serve as a 

first line of defence during cellular stress (Haslbeck and Vierling, 2015). They 

effectively bind a variety of non-native proteins and, therefore, are effective in 

preventing aggregation. Their primary role is to catch unfolding proteins before they 

approach the point of irreversible and uncontrolled aggregation. The process of 

refolding requires active cooperation with a chaperone network. The trapped 

substrates are, thus, passed over to ATP-dependent chaperones for refolding 

(Haslbeck et al., 2019; Reinle et al., 2022). For example, the Hsp70/Hsp40 system in 

the presence of ATP is effective in refolding the captured substrates (Ehrnsperger et 

al., 1997; Lee et al., 1997; Mogk et al., 2003).  

Small Hsps are characterised by their low molecular weight ranging between 12-43 

kDa. They consist of a typical three-part structure: a conserved α-crystallin domain 

(ACD), a flexible N-terminal region (NTR) and a short C-terminal region (CTR) (Caspers 

et al., 1995; Kriehuber et al., 2010; Haslbeck and Vierling, 2015).  

ACD is a distinctive signature of sHsps. It is highly conserved and composed of a 

compact β-sheet-rich structure associated in an antiparallel fashion with 

hydrophobic grooves at each edge, predominantly at β4 and β8 and neighbouring 

strands (Figure 3) (Klevit, 2020). The structure of the domain differs across species. 

Bacterial ACDs consist of a distinct β6 strand, while mammals and non-plant higher 

eukaryotes have an extended β6+7 strand (Kim et al., 1998; van Montfort et al., 2001; 

Stamler et al., 2005).  

The CTR of small Hsps is usually short, not longer than 20 amino acids (Kriehuber et 

al., 2010) and has an I-X-I/V motif. This three-residue patch is of structural and 

functional importance. It is reported to play a significant role in the oligomerisation 

of sHsps (Studer et al., 2002; Hayes et al., 2008; Delbecq et al., 2012).   
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Figure 3. Illustration of the organisation of α-crystallin domain in sHsps. The 
mammalian and higher eukaryotic ACD (except plants) (left) differs from the bacterial 
ACD (right). Bacterial ACD consist of a distinct β6 strand, while mammalian strand is 
extended and referred as β6+7 strand (adapted from Haslbeck et al., 2019).  

 

The NTR is highly variable in sequence and length. It plays a role in oligomer 

formation and interaction with a substrate. As an extreme example Hsp42 from 

Saccharomyces cerevisiae carries a large NTR (247 residues) including a prion-like 

domain which is vital for its aggregase activity (Grousl et al., 2018). The smallest NTR 

composed of 24 residues is found in Hsp12.2 (Peter and Candido, 2002). The N-

termini are rich in hydrophobic residues, phenylalanine and tryptophan residues are 

usually over-represented (Haslbeck et al., 2019). Notably, sHsp16 family consist of a 

very low number of aromatic amino acid residues, no tryptophan residues are found 

in Hsp16.1 and Hsp16.2. 

The NTR is highly dynamic. Several studies reported high rates of 

hydrogen/deuterium exchange (Wintrode et al., 2003; Cheng et al., 2008). In 

addition, it is considered to be largely intrinsically disordered. Moreover, some 

patches of the NTR can adopt a secondary structure, such as in human αB-crystallin 

(Jehle et al., 2011).  

The key feature of sHsps is their ability to form large oligomers that are composed of 

a varying number of subunits, typically in a range of 12-32-mers. However, there are 

exceptions to this rule, such as Hsp12.2 and Hsp12.3 that form tetramers (Kokke et 

al., 1998), human HspB6, Tsp36 from tapeworm and AtHsp18.5 from Arabidopsis 

thaliana that form dimers (Bukach et al., 2004; Kappé et al., 2004; Basha et al., 2013). 

The data correlates well with the properties of the NTRs and CTRs of the mentioned 

above proteins. The regions are either short or absent in the structure, the I-X-I/V 

motif is missing or the ACD lacks the β6 strand.  
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sHsp oligomers are formed predominantly by a weak interaction between the 

NTR/CTR and the ACD dimer. The ACD dimer serves a central frame for building high 

order structures. The dimer formation is driven by either interaction between β2/β6 

antiparallel strands of each monomer or the extended β6+7 strands in the case of 

metazoans (Riedl et al., 2020). The ACD homodimer alone is usually not sufficient for 

building oligomers (Studer et al., 2002). Interaction of I-X-I/V motif of CTR or in rare 

cases of the NTR with the ACD dimer contributes to the oligomerisation. In addition, 

the NTR intermolecular contacts with either ACD or NTR of a neighbouring subunit 

promote assembly of oligomers (Jehle et al., 2011).  

The variety of interaction modes leads to a structural plasticity of sHsps. The diverse 

and weak interactions between dimers grant the high dynamics and polydispersity to 

sHsp oligomers, termed quasi-ordered state (Clouser et al., 2019). Moreover, the 

complexity of the interactions is extended by a hetero-oligomerisation, which may 

play a role in chaperone activity and specificity (Baugman et al., 2020; Mymrikov et 

al., 2020). For example, in human, HspB2 and HspB3 are reported to form hetero-

oligomers in muscle (Sugiyama et al., 2000). In addition, αA- and αB-crystallins, vital 

components of the eye lens, exist predominantly as hetero-oligomers in a 3:1 ratio 

(Haslbeck et al., 2016). Hetero-oligomer assembly not only activates the chaperone 

activity, it can also modulate it towards specific substrate, like in a case of human 

HspB1-HspB6 and HspB5-HspB6 hetero-oligomers. HspB6 acts as a negative or 

positive regulator of chaperone activity of its partner chaperone. In addition, hetero-

oligomerisation can also lead to a reduced chaperone activity, for example, HspB1-

HspB5 hetero-oligomers exhibit lower activity compared to the respective homo-

oligomers (Mymrikov et al., 2020).  

The described dynamics of sHsps keeps them in constant dissociation and association 

processes. This makes structural studies highly challenging.  

sHsp oligomerisation is functionally important as it plays a role in the interaction of 

sHsps with a substrate. The high dynamics of sHsp assemblies is correlated with the 

substrate recognition and regulation of the chaperone activity (Basha et al., 2012). 

Usually, sHsp assemblies are sensitive to the environmental changes, such as pH, 
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temperature, post-translational modifications etc. These factors serve as an 

activation point for sHsp oligomers and often lead to conformational changes in the 

structure by shifting oligomeric assembles to smaller species (Haslbeck et al., 2019). 

The Hsp26 oligomers, for example, are activated by phosphorylation at permissive 

temperature. The post-translational modifications weaken the interaction between 

protein domains, which leads to the dissociation of the Hsp26 into small species, an 

active chaperone form (Mühlhofer et al., 2021).  

The sHsp mechanism of action is directed towards isolating unfolding substrates. The 

interaction with a substrate is achieved via multiple sites in the NTR and ACD. Such 

interaction usually results in a formation of a large sHsp:substrate complex. These 

assemblies vary in size and composition, which depend upon various parameters, 

such as type of substrate, type of stress condition or sHsp:substrate ratio (Haslbeck 

et al., 2019; Reinle et al., 2022). The mechanism is such, that a partially unfolded 

substrate is bound to an activated sHsp ensemble, which is usually the smaller species 

(Figure 4). The activation can also be driven by the post-translational modifications, 

such as the mentioned above phosphorylation in the case of Hsp26 (Mühlhofer et al., 

2021). The substrate is stabilized in a Hsp:substrate complex and can be further re-

activated by the ATP-dependent chaperones.  

 

Figure 4. The mechanism of the chaperone function of sHsps. I) sHsps are ensembled 
as oligomers; II) under stress, the substrates are destabilised; III) sHsps become 
activated and dissociate into smaller species; IV) a partially unfolded substrate is 
recruited by the activated sHsps and stabilised in a sHsp:substrate complex; V) 
substrates can be then re-activated by the ATP-dependent chaperones (Haslbeck et 
al., 2019). 
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One of the models proposed is that the sHsp:substrate complexes are composed of 

a stable core and dynamic outer layer. According to the Reinle et al (2022), the core 

is made of substrate molecules and some sHsps, while outer part is composed of 

highly dynamic sHsps. The authours propose that the formation of such complexes 

starts from binding of sHsp molecules to unfolding substrate. This is followed by the 

recruitment of more sHsp molecules which leads to an increase of a sHsp:substrate 

complex size (Figure 5).  

When sHsps exceed a substrate, the polydisperse soluble complexes of the 

Hsp:substrate are formed. When, the substrate proteins exceed, sHsps are 

incorporated in large amorphous aggregates of the substrates (Friedrich et al., 2004). 

The recruitment of sHsps in the insoluble aggregates was shown both in vitro 

(Haslbeck et al., 1999; Stromer et al., 2003) and in vivo, for example, in C. elegans 

during ageing (Walher et al., 2015) or yeast during heat stress (Specht et al., 2011).    

It is reported that sHsps can have several substrate binding sites, which was 

confirmed by cross-linking mass spectrometry and peptide arrays (Haslbeck et al., 

2019). For example, αB-crystallin binds Aβ(1–40) peptide mostly by the ACD, while 

lysozyme is bound to the disordered NTR (Mainz et al., 2015). 
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Figure 5. The illustration of the mechanism of action of sHsps. sHsp:substrate 
complexes are formed via interaction of sHsps with early unfolding molecules. sHsps 
are further dragged into the complex resulting in its expansion. The Hsp70/40 
machinery displaces sHsps and binds to the substrate hidden in the core. In yeast, 
Hsp100 disaggregases can catalyse the process. The substrate is then released and 
refolded. In some cases, the substrate can be partially degraded by the AAA+ 
degradation machinery (adapted from Reinle et al., 2022). 

 

Interestingly, sHsps can also interact with substrates that cannot be refolded. The 

recently reported feature of PQC system - a formation of cytosolic stress granules 

(SGs) - is shown to be controlled by sHsps (Molliex et al., 2015; Protter and Parker, 

2016; Mackenzie et al., 2017; Alberti and Carra, 2018). 

SGs are membrane-less deposits formed by liquid-liquid separation. They consist of 

mRNA, various RNA binding and non-binding proteins and translation factors. During 

severe cellular stress the misfolded proteins may be incorporated into SGs. This 
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triggers the formation of abnormal stress granules. The dynamics of this aberrant SGs 

is restored via granulostasis (Cherkasov et al., 2013; Grousl et al., 2018). Failure of 

this system is linked to the development of diverse diseases, such as cancer and 

neurodegeneration (Alberti and Carra, 2018). For example, human HspB1 and HspB8 

were recently reported to maintain the functional properties of SGs formed by the 

protein fused in sarcoma (FUS) (Carra et al., 2019; Liu et al., 2020; Boczek et al., 2021). 

Additionally, HspB2 undergoes phase separation and forms nuclear membrane-less 

compartments to seize nuclear lamin-A (Morelli et al., 2017). This finding suggests 

that sHsps may not only act as “holdases” to keep the unfolding substrates from 

irreversible aggregation but may also exhibit “aggregase” activity. For example, 

Hsp42 was reported to drive chaperone-facilitated sequestration of misfolded 

substrates via its prion-like domain in NTR (Grousl et al., 2018). This protective 

mechanism is crucial for maintaining the cellular fitness during stress. 

As seen from the above, sHsps have distinctive features that differentiate them from 

other chaperones, however, the functions and structure of sHsps also vary among 

different species. sHsps are ubiquitous and expressed in all kingdoms of life (Haslbeck 

et al., 2019). Single cell organisms usually have one or two sHsps, though some 

bacteria encode multiple sHsps, such as Bradyrhizobium spp that expresses eight of 

them. One of the highest numbers of sHsps was reported in plants, for example, in 

Populus trichocarpa (black cottonwood) there are 37 sHsps (Zhang et al., 2015; Li et 

al., 2016). In addition, sixteen members of the sHsp group were reported in 

Caenorhabditis elegans. Interestingly, there are only ten sHsps in humans (Haslbeck 

et al., 2019). The tendency shows that sHsps potentially evolved in the large groups 

in those species that are subjected to regular stress in the terrestrial environment 

(Waters and Vierling, 2020). As more genomes become available, it is possible to 

explore the evolutionary mechanisms that drove such sHsp diversification, especially 

in regards of their functions. 

The ubiquitous source of a functional novelty, gene duplication, was firstly accounted 

in the 1930s (Bridges, 1936). The duplicated genes usually retain most of the 

ancestor’s sequence and structural features but can also diverge over time (Mallik et 
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al., 2022). Functional novelty is often complemented by structural ones, especially in 

case of oligomeric proteins (Hochberg et al., 2018). Protein diversification can lead to 

an existence of new oligomeric states, such as homomers, heteromers or hetero 

others (Figure 6) with novel functions. Although both scenarios, homo- and 

heteromers, are possible, a current study by Hochberfg and colleagues (2018) shows 

that most species of the two duplicated sHsps from Pisum sativum tend to form 

homomers. In E. coli, many diverged proteins exist as homomers (53%). In contrast, 

yeast have most of such proteins in a form of heteromers (32%). In total, whether 

two novel proteins form heteromers, depends upon the post-duplication changes in 

the protein structure (Mallik et al., 2022).  

 

 

 

Figure 6. An illustration of the duplication of a gene that encodes a homomeric 
protein, which leads to a structural diversity. An ancestral gene undergoes a 
duplication, which results in the two co-existing forms of a homomers and 
heteromers. After divergence of the two genes, three possible forms of the protein 
can exist: homomers, heteromers or hetero others (gain of a new interaction partner) 
(adapted from Mallik et al., 2022).  

 

In addition to the diversification of oligomeric structure, the novel oligomers can 

obtain new functions, or even subcellular localisation (Marques et al., 2008). For 
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example, yeast ALT1 (mitochondrial) and ALT2 (cytosolic) share the same initial 

function but localise in different cellular locations (Mallik et ak., 2022). In addition, 

duplication can also affect expression patterns of the related genes, like in case of E. 

coli LYSS and LYSU, which are constitutively expressed or heat-induced, respectively 

(Brevet et al., 1995). 

 

sHsp implications in life  

 

A large proportion of severe diseases is attributed to protein misfolding and 

aggregation. The sHsp field is of a high importance in this context, as sHsps are 

required in a variety of housekeeping functions in the cell. Malfunction of sHsps was 

thus reported to be implicated in the development of severe diseases, such as cancer, 

neurodegenerative and cardiovascular diseases (Sun and MacRae, 2005; Alberti and 

Carra, 2018; Carra et al., 2019; Vendredy et al., 2020). Specifically, HspB1 is 

implicated in cardiopulmonary diseases, which lead to the high rate of mortality 

worldwide (Guo et al., 2010).  

Investigation of sHsps in model organisms is of advantage as such approaches allow 

to shed light on the molecular mechanisms behind their mode of action. For example, 

Hsp22 of Drosophila melanogaster localises to mitochondria during oxidative stress 

(Morrow et al., 2000). HspB8 was reported to be induced in the mouse model of 

amyotrophic lateral sclerosis (ALS), particularly in motor neurons and muscle 

(Rusmini et al., 2017; Cristofani et al., 2019). In a mouse model of motor neuropathy, 

HspB8 was identified as a key player in the disease development. Specifically, 

mutations in HspB8 were associated with the motor neuropathy, Charcot-Marie-

Tooth disease and distal myopathy (Bouhy et al., 2018).  
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sHsps of Caenorhabditis elegans 

 

Why C. elegans?  

 

The focus of this study will be sHsps of C. elegans. 50 years ago, the nematode 

Caenorhabditis elegans was developed as a genetic model to unveil the mysteries of 

developmental biology and neurobiology (Brenner, 1974). These days, it is used as a 

model organism in over a thousand laboratories with more than a thousand research 

papers published a year (Corsi et al., 2015).  

C. elegans is a small, free-living nematode spread worldwide. The microscopic size of 

adult nematodes of 1mm allows to easily investigate them under the microscope. 

Advantages to use this organism are its fast life cycle (Figure 7) and ease of genetic 

manipulation. They are usually maintained at 20C, although they can live in a range 

of 12C to 25C. By manipulating the growth temperature, it is possible to influence 

the development of nematodes (Corsi et al., 2015). 

The hermaphrodites can be either self-fertilised or fertilised by sperm from males. 

Once eggs are laid, they start development which culminates in a first stage (L1) larva. 

When the animals begin to eat, they continue their development through L1-L4 

stages. When nematodes reach adulthood, they start laying eggs for 2-3 days. After 

this reproductive period is finished, hermaphrodites live up to several weeks more.  

The ability to knock down gene activity by feeding RNAi is another advantage of this 

nematode. This technique together with the complete genomic sequence of C. 

elegans (C. elegans Sequencing Consortium, 1998) allows to study gene functions. 

Moreover, the protocols and current findings in C. elegans research of different forms 

are gathered in online databases. The reviews of nematode biology and methodology 

are located in WormBook database (http://www.wormbook.org/). Genomic data, 

including gene sequences, expression, phenotypes and genetic maps are provided in 

WormBase (http://www.wormbase.org/). Another tool, WormAtlas 

(https://www.wormatlas.org/), gives information on nematode anatomy and its 

methods, while WormImage (http://www.wormimage.org/) is an online database of 

http://www.wormbook.org/
http://www.wormbase.org/
https://www.wormatlas.org/
http://www.wormimage.org/
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electron micrographs of nematode tissues. In addition, the scientific community 

made a useful tool to search current literature in the nematode field 

(https://celegans.textpresso.org/).Recent advances in C. elegans research include a 

whole-animal connectome, which contains the  knowledge of connections between 

nervous system and end-organ across entire nematode (Cook et al., 2019). 

 

Figure 7. Life cycle of C. elegans. The cycle starts from the embryo and develops 
through four larva stages. At L4 stage hermaphrodites have a developing vulva (white 
circle indicated by white arrow), which distinguishes them from males carrying a 
tapered tail (black arrow). At adult stage, male and hermaphrodite nematodes are 
well distinguished by their tails and size of the body. The dauer larvae is a protective 
mechanism during starvation (adapted from Corsi et al., 2015. 

 

 In addition to its convenience for genetic analyses, C. elegans is advantageous as a 

model for eukaryotic biochemistry. In this study, nematodes are used as a model to 

study the heat shock response and molecular forces behind it. High level of orthologs 

between C. elegans and human genomes of up to 80% (Kaletta and Hengartner, 2006; 

Forslund et al., 2011; Shaye and Greenwald, 2011; Kim et al., 2018) makes it an 

important model to study conserved mechanisms and diseases. To understand such 

a complex network like chaperones, a manipulatable system that allows to 

https://celegans.textpresso.org/
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systematically unravel the molecular mechanisms involved is of a great use. By 

understanding the conserved mechanisms that mediate the stress response, we can 

relate the findings from nematode to a complex human network.  

 

Components of chaperone network in C. elegans 

 

Families of sHsp and Hsp proteins 

 

The chaperone network in C. elegans is remarkably expansive and consists of 97 

genes that encode a variety of chaperones and co-chaperones (Table 1). Those 

include the Hsp60 family, Hsp70 and their co-chaperones Hsp40/Dnaj, several 

nucleotide exchange factors, the Hsp90 group with Hsp90 co-chaperones and the 

sHsps.  

The Hsp60/chaperonin family are ATP-dependent chaperones that are required for 

protein folding. It consists of the group of CCT proteins, Hsp60 and Hsp10. The many 

roles of 8 different CCT proteins remain elusive, however, it is known that they are 

required for a proper folding of tubulin and actin (Leroux and Candido, 1995; Horwich 

et al., 2007; Saegusa et al., 2014) and also have a broader cellular function, including 

misfolded protein degradation and neurodegeneration (Shen and Frydman, 2013; 

Gestaut et al., 2019). The Hsp60/Hsp10 chaperonin complex is involved in 

mitochondrial unfolded protein response and mediate a response to environmental 

stresses in nematodes (Bie et al., 2016). Hsp60 (Hsp60 human ortholog) chaperone is 

evolutionary conserved factor of mitochondria and contribute to such mechanisms 

in C. elegans as immunity (Jeong et al., 2017), response to oxygen deprivation (Peña 

et al., 2016) and even microgravity (Liu et al., 2019), which occurs during spaceflights.  

Hsp70/Hsp40 is the largest family of the C. elegans chaperone network as it is 

encoded by 48 genes (Frumkin et al., 2014). They are active, conserved players of the 

heat shock response (HSR) (Zhang et al., 2013; Pagliuso et al., 2021; Schmauder et al., 

2022). Hsc70 subclass is constitutively expressed, while in response to stress, several 

Hsc70 orthologs, termed Hsp70, are induced (Nikolaidis and Nei, 2004). In addition 
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to Hsp70 group, J-proteins, divided into three classes (A, B and C), assist in protein 

disaggregation and refolding. The Hsp40/DnaJs are co-chaperones of Hsp70s and 

may either target Hsp70’s activity to clients or bind substrate directly to deliver it to 

Hsp70 (Kampinga and Craig 2010).  

Hsp70s and J-proteins (Hsp40s) together were shown to have disaggregase function 

in C. elegans during stress and ageing. For example, it was reported that upon heat 

stress, constitutive Hsc70 is recruited by DnaJ proteins to disaggregate polyQ 

aggregates. This protective mechanism is handled by the interactive cooperation 

between A and B J-proteins (Kirstein et al., 2017). Mortalin (Hsp6), another member 

of Hsp70 family, is  reported to be involved in senescence (Yokoyama et al., 2002; 

Zhang et al., 2022). Nowadays, it is a potential therapeutic target in cancer research, 

as it was reported to be enriched in several cancer types (Yoon et al., 2022). 

Additionally, Dnj-27, an ER-located protein, showed protective effects against human 

β-amyloid peptide (Aβ), α-synuclein (α-syn) and polyglutamine (polyQ) proteins in a 

C. elegans model of neurodegenerative diseases (Muñoz-Lobato et al., 2014). With 

these, the Hsp70/Hsp40 family is involved in numerous cytoprotective processes in 

C. elegans, including protein folding, translocation and degradation.  

As was mentioned before, chaperones do not function in isolation. Indeed, the Hsp70 

family not only cooperates with DnaJ co-chaperones, but works with members of the 

nucleotide exchange factor (NEF) group. They are predicted to exhibit ATP hydrolysis 

activity (Nillegoda et al., 2015; Tittelmeier, et al., 2020) and assist Hsp70 family in 

disaggregation. NEFs, such as the Bag proteins, compete with J-domain proteins and 

trigger nucleotide release (Sun et al., 2012; Papsdorf et al., 2014).  

The most studied family of chaperones in worms is the Hsp90 family. In C. elegans, 

Hsp90 (daf-21) plays vital role in vulva development, maturation of gonads and 

oocyte as well as longevity (Inoue et al., 2006; Somogyvári et al., 2018). It is also 

reported to regulate HSR and innate immunity (Eckl et al., 2017). Depletion of Hsp90 

leads to not only developmental arrest and weaker motility in larval stages, but also 

to specific transcriptional changes, such as dysregulation of Daf-16 targets 

(Schmauder and Richter, 2022).   
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Similar to the Hsp70 family, Hsp90s act together with almost 20 co-chaperones, 

which is an indication of a great expansion in evolution. One of the most studied 

Hsp90 co-chaperones is Unc-45. It is involved in Hsp90-dependent folding of the 

myosin motor domain (Barral et al., 2002; Srikakulam et al., 2008), which is why the 

knock-down of Unc-45 leads to a specific morphological change in C. elegans, such as 

paralysis and sterility (Gaiser et al., 2011). In addition, nematode Sti-1, Aha1 and p23 

are required for the integrity of muscles (Frumkin et al., 2014).  

The last family of C. elegans chaperone network is the sHsp group – a class of ATP-

independent chaperones. It includes 16 proteins, which cannot disaggregase 

unfolding substrates, however they are able to prevent irreversible aggregation 

(Haslbeck and Vierling, 2015). The focus of this study will be concentrated specifically 

on this family of chaperones and the features of sHsps in C. elegans will be 

overviewed in the following chapter.  
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Table 1. List of chaperones in C. elegans. The list includes in total 97 genes, 10 
genes correspond to Hsp60 and Hsp10, 48 genes to Hsp70, Hsp40 and NEF, 21 genes 
to Hsp90 and co-chaperones, 18 genes to sHsps (adapted from Frumkin et al., 2014). 

 

 GENE NAME OTHER NAME  GENE NAME OTHER NAME 

HSP60/CHAPERONIN Cct- 1 TRiC/CCT NEF bag-1 BAG1 

 Cct- 2 TRiC/CCT  unc-23 BAG2 

 Cct- 3 TRiC/CCT  C34C12.8 GrpE 

 Cct- 4 TRiC/CCT  Hsp110 Hsp110 

 Cct- 5 TRiC/CCT  T24H7.2 Hsp110 

 Cct- 6 TRiC/CCT  T14G8.3 Hsp110 

 Cct- 7 TRiC/CCT Hsp90 daf-21 Hsp90 
 Cct- 8 TRiC/CCT  enpl-1 GRP94 
 Hsp60 Hsp60  trap-1 mtHsp90 
 Y22D7AL.10 Hsp10 Hsp90 co-

chaperones 
C01G10.8 AHA1 

HSP70 Hsp1 Hsc70  sti-1 HOP/STI1 
 F11F1.1 Hsc70  ZC395.10 P23 
 Hsp3 BiP  fkb-6 FKBP 
 Hsp4 BiP  cdc-37 CDC37 
 stc-1 STCH  chn-1 CHIP 
 Hsp6 Mortalin  pph-5 PP5 
 Hsp70 Hsp70  sgt-1 SGT 
 F44E5.5 Hsp70  Unc-45 UNC45 
 F44E5.4 Hsp70  ZK370.8 TOM70 
HSP40/DNAJ dnj- 1   Y22D7AL.9 - 
 dnj-2   hip-1 ST13 
 dnj-3   C56C10.10 AIP1 
 dnj-4   C34B2.5 TTC1 
 dnj-5   C33H5.8 RAPAP3 
 dnj-7   C17G10.2 TTC4 
 dnj-8   C17G10.10 CNS1 
 dnj-9   D1054.3 SGT 
 dnj- 10  sHSP Hsp12.1  
 dnj-11   Hsp12.2  
 dnj-12   Hsp12.3  
 dnj- 13   Hsp12.6  
 dnj- 14   Hsp16.1  
 dnj-15   Hsp16.11  
 dnj- 16   Hsp16.2  
 dnj-17   Hsp16.41  
 dnj-18   Hsp16.48  
 dnj-19   Hsp16.49  
 dnj-20   Hsp17  
 dnj-21   Hsp25  
 dnj-22   Hsp43  
 dnj-23   sip-1  
 dnj-24   ZK1128.7  
 dnj-25   Y55F3BR.6  
 dnj-26   F08H9.4  
 dnj-27   F08H9.3  
 dnj-28     
 dnj-29     
 dnj-30     
 rme-8     
 Y39C12A.9     
 K07F5.16     
 F54F2.9     
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Molecular players of stress response  

 

The stress-dependent expression of sHsps is a last point in the cascade of the 

sophisticated molecular events named insulin and insulin-like growth factor-1 (IGF-

1) signalling (IIS) pathway. Together with other pathways, such as mTOR signalling, 

mitochondrial unfolded protein response and germline they form a longevity 

regulating pathway in nematodes (Figure 8). The cascade components are conserved 

in metazoans and play a role not only in response to stress, but also in system-wide 

functions, such as growth and aging (Piñero et al., 2009). It was discovered that the 

IIS pathway is one of the key players that regulates lifespan and can promote 

longevity in C. elegans (Kenyon et al., 1993).  

The IIS pathway in C. elegans includes various components, such as insulin-like 

peptides (INS). One of them was reported to bind and activate human insulin 

receptor (Hsu et al., 2003; Morley and Morimoto, 2003). In nematodes, INS ligands 

activate the Daf-2 transmembrane receptor (insulin/IGF human ortholog) and start 

kinase phosphorylation cascade that culminates in the regulation of a transcription 

factor Daf-16 (ortholog of human FOXO). sHsp are direct targets of Daf-16 and their 

expression is regulated by it in response to various environmental stresses. For 

example, Hsp16.1 and Hsp16.48 were shown to be regulated by Daf16 and HSF-1 in 

C. elegans and contribute to a longevity (Hsu et al., 2003). Daf-16 is reported to 

promote longevity by translocating to the nucleus and binding DNA sites named Daf-

16 binding elements (DBE).  

Daf-16 is considered to be the key transcriptional output of IIS; however, heat shock 

in particular activates another IIS pathway - the HSR. It is mediated through 

transcriptional factor HSF-1 (heat shock factor-1) in C. elegans. It is essential for 

growth, development, regulation of longevity, and upon acute heat stress sHsps are 

direct targets of HSF-1. Additionally, HSF-1 is reported to direct transcriptional 

mechanisms different from HSR, such as the response to oxidative stress (Servello 

and Apfeld, 2020). 
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Figure 8. Longevity regulating pathway in nematodes. The lifespan of the worms is 
influenced by over 70 genes with most of them involved in the IIS pathway. Together 
with mTOR signalling, mitochondrial respiration and germline, IIS belongs to the 
longevity regulating pathway. sHsps are members of IIS pathway and located at the 
very end of it. They are regulated by Daf16 and HSF-1 transcription factors (adapted 
from the KEGG database, Kanehisa et al., (2016)). 

 

In humans, HSF-1 is potentially implicated in cancer as it was shown to be constantly 

expressed in cancer cells (Mendillo et al., 2012).  Under physiological conditions, HSF-

1 exists as a monomeric protein, which activity is reported to be repressed by Hsp90-

containing complexes (Voellmy and Boellmann, 2007).  

HSF-1 is negatively regulated by the Daf-2 signalling cascade, in particular the DDL-1 

containing HSF-1 inhibitory complex (DHIC) components (Figure 9), which retain HSF-

1 in a monomeric state (Li et al., 2017; Sural et al., 2019). Upon upregulation, HSF-1 

oligomerises into the complexes that translocate to the nucleus. They then become 

competent for DNA binding and target heat shock elements (HSE) located in the 

promoter region of Hsp and sHsp genes (Morley and Morimoto, 2003; Li et al., 2017).  
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Figure 9. The HSF-1 mode of action regulated by IIS in C. elegans. Upon heat stress 
HSF-1 is activated and undergoes translocation to the nucleus. The formation of the 
DHIC complex is disrupted upon DDL-1 phosphorylation, which subsequently increases 
HSF-1 activity. Upon translocation to the nucleus, HSF-1 oligomers bind heat shock 
elements to initiate Hsp and sHsp expression (retrieved from Li et al., (2017)). 

 

 It was reported that age-related decline and the HSR are related. Interestingly, 

several studies stated a direct implication of sHsps in not only the HSR, but also in the 

regulation of longevity. It was reported that sHsps expression is increased in daf-2 

mutants that show a long-lived phenotype (Kenyon et al., 1993; Hsu et al., 2003; 

Murphy et al., 2003), in particular, the Hsp16 family. 

Many molecular players downstream of HSF-1 and Daf-16 are not fully unveiled and 

details remain to be determined. Therefore, further details about the pathway 

components, specifically sHsps, are yet to be further investigated. The focus of this 

study is directed towards a sHsp family in C. elegans – the Hsp16s. 
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The Hsp16 family  
 

There are 16 different sHsps in C. elegans (Figure 10.a), which is more than the 10 

sHsps found in humans. The Hsp16 family consists of 4 “main” members, Hsp16.1, 

Hsp16.2, Hsp16.41 and Hsp16.48. There are also two related proteins that are 

assigned to the family – F08H9.3 and F08H9.4. They are named after their ORFs and 

are not given any protein name yet (Shim et al., 2003; Wormbase). To this time, little 

is known about this family and its functions in the organism. 

Having the canonical structure of small heat shock proteins, the Hsp16 family consists 

of a highly conserved α-crystallin domain (ACD), a variable N-terminal region (NTR) 

and a short C-terminal region (CTR) (Figure 10.b). All proteins carry an I-X-I/V motif in 

the CTR with exception of F08H9.3, which has an IPV motif in the NTR. The molecular 

masses of the protein monomers lie around 16 kDa. The polypeptides for Hsp16.1 

and Hsp16.2 are 145 amino acid residues (aa) and are 93% identical. Likewise, 

Hsp16.41 and Hsp16.48 are 143aa in length and also share 93% identity. The 

differences are only 10 and 9 amino acid residues, accordingly. In contrast, the given 

pairs are 70% identical to each other. Such homology among the family is 

extraordinary and suggests an origin from the same ancestor gene.  

Two members of the Hsp16 family, Hsp16.1 and Hsp16.48 were firstly identified in 

1985 by Russnak and Candido (1985). They later identified Hsp16.2 and Hsp16.41 

genes and highlighted the remarkable orientation of all genes of the family on a 

chromosome (Jones et al., 1986). F08H9.4 and F08H9.4 genes were identified much 

later in 2003 (Shim et al., 2003). 

The location of sHsp16 genes is illustrated in Fig.10c. They all are located on 

chromosome V and spread over three different regions. The two genes Hsp16.2 and 

Hsp16.41 are arranged in divergent orientations at one end of the chromosome. The 

other locus of Hsp16.1 and Hsp16.48 genes downstream the chromosome consists of 

a highly repetitive structure. Each protein is encoded by two copies of the gene, 

referred in this study as Hsp16.1a and Hsp16.1b, Hsp16.48a and Hsp16.48b, 
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respectively. Each gene at this locus arranged in opposite direction to another. The 

gene regions of the a-copies are located within 1.9-kilobase patch which is duplicated 

accurately to form a 3.8-kilobase inverted repetitive region. In contrast, further 

downstream the chromosome F09H9.3 and F08H9.4 genes are orientated in the 

same direction. Unlike other Hsp16 genes, they do not share any promoter region 

and sequence homology between them is 46%. In total, eight genes at three loci of 

chromosome V encode the proteins of sHsp16 family.  

 

 

 

Figure 10. Genetic characteristics of the Hsp16 family. A) a phylogenetic tree of all 
sHsps in C. elegans demonstrates their relationship. The main members of the family 
are indicated in blue and yellow. Phylogeny analysis was performed via the PhyML 
tool (Dereeper et al., 2008) and visualised by iTOL (Letunic and Bork, 2021).  B) an 
illustration of the canonical sHsp structure of the Hsp16 family, which consists of the 

N-terminal region (NTR) highlighted in grey, an -crystallin domain (ACD) in red and 
a short C-terminal region (CTR) in dark blue. The ACD is assigned to 42-123aa. 
Molecular mass of a monomer is around 16 kDa. C) an illustration of the chromosomal 
location of all genes that encode Hsp16s. The genes are located on V chromosome 
and distributed along it. The Hsp16.1 and Hsp16.48 proteins are encoded by 2 pairs 
of genes each. 
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The genomic organisation of the Hsp16 genes is coherent with the idea that sHsp 

genes originated from duplication events. The duplication is of a high importance in 

providing genetic diversity and thus ability to obtain new gene functions. In the C. 

elegans genome the number of gene duplication exceeds the one in Drosophila by 

two times (Rubin et al., 2000; Woollard, 2005). The fate and consequences of gene 

duplication is yet unknown, however there are several theories. It is hypothesised 

that one gene copy loses the function due to accumulation of harmful mutations 

(non-functionalisation theory). Second scenario, neofunctionalization, is that one 

copy uptakes a novel function, which is later preserved during natural selection. This 

theory also suggests that both duplicates may obtain each a different function and 

also maintain the functional similarity. According to a third theory, 

subfunctionalisation, the duplicates inherit unique functions from their ancestor and 

divide a labour (Lynch and Conery, 2000). 

 In case of sHsp16 family, the hypothesis proposed in this study stands for the 

neofunctionalization. According to this hypothesis, sHsp16s have originated from the 

same ancestor and upon several duplication events have divided into a large family 

of homologous chaperones. It is hypothesised that they share functions and have 

gained the novel distinct roles to expand the chaperone network. Indeed, it is 

proposed that duplication of genes that are involved in responses to stress are usually 

favoured during natural selection (Lespinet et al., 2002; Cao et al., 2022).  

 

What is known? 

 

The duplication of these genes advocates the need for the expansion of a chaperone 

network in response to a variety of stress factors during the time of evolution. The 

functions of Hsp16s are not clearly known and remain a significant challenge in our 

understanding of the stress response. It is known, however, that Hsp16s are heat-

induced (Russnak and Candido, 1985; Shim et al., 2003), which is a common feature 

of many sHsps. Interestingly, it was discovered that total mRNA levels of each gene 

locus are different following exposure to heat stress for 2 hours. Hsp16.2 and 
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Hsp16.41 exceeded expression level of Hsp16.1/16.48 in 7-folds (Candido et al., 

1989).  

In 1997 structural characterisation of Hsp16.2 (Leroux et al., 1997) revealed an 

estimated size of 550 kDa. The native protein was extracted from the heat-shocked 

nematode extract and compared to the recombinantly purified His-tagged protein. 

The sedimentation velocity data of that time further added that Hsp16.2 is 

asymmetrical. The functional analysis confirmed the holdase feature oh Hsp16.2 by 

demonstrating the prevention of thermally and chemically induced aggregation of 

citrate synthase (CS). Moreover, it was shown that Hsp16.2 can form a complex with 

unfolded actin and tubulin. The NTR truncations of Hsp16.2 resulted in the loss of 

large oligomeric complexes. Such mutants also lost the ability to suppress CS 

aggregation. The structural features of other Hsp16s were not characterised in detail. 

At first it was assumed that Hsp16s act only upon heat stress, nonetheless sHsps can 

be induced by different stresses. For example, Hsp16.1 and Hsp16.2 were later 

reported to be induced by hypoxia (Hong et al., 2004; Lee and Lee, 2013). Hsp16.1 is 

also reported to mediate a cytoprotective effect during heat-stroke by localising to 

Golgi and cooperating with Pmr-1 ATPase (Kourtis et al., 2012). In the study, the 

authours showed that heat preconditioning of the worms before the heat-stroke 

stress supressed neurodegeneration. Cytoprection in this case is mediated by HSF-1 

and Hsp16.1. In addition, Hsp16.1 co-localised to Golgi to stabilise heat-labile PMR-1 

that regulate stress-induced Ca2+ overload in a cytoplasm. Kourtis and colleagues 

(2012) also reported that Hsp16.41 together with Dnj-19 are required for the 

tolerance towards heat stroke. Heavy metal exposure is reported to lead to an 

increase in Hsp16.2 expression (Roh et al., 2006). In addition, sHsp16s may be 

involved in a regulation of a lifespan by assisting bmk-1 (Qian et al., 2015) or 

modulating the long lifespan of ribosomal protein rsks-1 mutants (Seo et al., 2013). 

In this perspective, ageing is considered as a stress factor.  

Hsp16s are reported to be expressed in many structures and organs in C. elegans, 

such as muscle, intestine, pharynx, neurons and ventral nerve cord (Wormbase). 

Their expression is notably ubiquitous and spread across the body. As mentioned 
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above, the expression is not limited to any specific stage of development – Hsp16s 

are expressed during nematode growth starting from embryos, during all larva stages 

(L1-L4) and in adulthood. The express levels vary across the stages, the highest level 

is reported in L1s (Figure 11).  

Expression of F08H9.3 was reported in the pharynx, while F08H9.4 was found in the 

excretory canal and several neurons. Their expression upon heat exposure was 

reported as slow and mild. Upon RNAi knockdown of F08H9s, the general 

thermotolerance of worms was reduced. The level of expression for F08H9s has not 

been identified (Shim et al., 2003) due to possible tissue-specific expression of the 

proteins independent of developmental stage.  

 

 

Figure 11. Representation of the expression values of sHsp16s across life stages of 
C. elegans from the early minutes through larva stages and till young adulthood 
(YA). The data is derived from PolyA+ and Ribozero modENCODE libraries. The bars 
demonstrate the median value of data of the three libraries (adapted from 
WormBase).  
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The cellular localisation of Hsp16s is considered as cytoplasmic. However, it is also 

reported that Hsp16.1 and Hsp16.41 localise to Golgi, and to the neuronal cell body 

for Hsp16.41 (Ding and Candido, 2000; Kourtis et al., 2012).  

The gathered information about the Hsp16 family is full of discrepancies and lacks a 

structured and complete characterisation of the molecular functions of all members. 

The characterisation should also be aligned with the remarkable feature of this family 

– duplication and subsequently high homology between family members. Therefore, 

the functional and structural analysis of Hsp16s was covered in this study. 
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Central question, aim and objectives 
 

 sHsps are a conserved and ubiquitous group of molecular chaperones. With 16 of 

them found in C. elegans, the molecular mechanisms of their cellular functions and 

information about their structure remain mostly elusive. Yet, they are considered as 

major players in stress response, including the HSR, oxidative stress and ageing. A 

systematic and comprehensive data set on members of Hsp16 family in a 

comparative manner has not been reported.   

Although some information was published about Hsp16s, it was limited to one or two 

members of the family and a particular function. In this study, the family of Hsp16 

chaperones in C. elegans was systematically characterised. Several hypotheses were 

formed to unravel the main research question – what is the necessity to evolve such 

a large chaperone network that includes a family of highly homologous chaperones, 

like the Hsp16s? To answer this question, the approach was focused on the 

characterisation of protein structure and functions of the Hsp16 family members.  

The Hsp16s were investigated with a focus on their characteristics as chaperones, 

such as typical oligomer structure and suppression of aggregation. The oligomer 

structure was analysed by methods, such as CD spectroscopy, AUC, HPLC, SEC-MALS 

and H/DX-MS. In addition, stability of sHsp16 oligomers was analysed by thermal 

denaturation monitored by CD spectroscopy. Functional analysis of chaperones was 

done via chaperone activity assays with several model substrates at permissive and 

elevated temperature. This was complemented by TEM micrographs.  

Due to the high homology, sHsp16s were hypothesised to cooperate and 

communicate in a cell by forming hetero-oligomers. This was tested in vitro by 

establishing a FRET system and subsequent a subunit-exchange assay. Moreover, the 

hypothesis expanded to the cooperation between different CEsHsp families, which 

was also tested via FRET subunit-exchange assay. 

The major goal was to investigate functional divergence of Hsp16s, especially with 

regards to their high homology. It was hypothesised that the Hsp16 proteins have 
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evolved into distinct functional units and preserved the functions of the ancestor 

gene, from which they originated. To test this, co-IP/MS analysis was performed to 

detect protein-protein interactions of individual Hsp16 and subsequently analyse 

divergence between them. Moreover, protein-protein interaction networks were 

built for both elevated (stress) and permissive (non-stress) conditions to get an 

overview of functional plasticity and promiscuity of Hsp16s.  
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II. Results 
 

 

 

 

 

 

 

1. Biochemical and biophysical characterisation of sHsp16s 

 

Structural homology of sHsp16s 

 

The sHsp16 family consists of 4 “main” members (Hsp16.1, Hsp16.2, Hsp16.41 and 

Hsp16.48) and two related (F08H9.3 and F08H9.4). The BLAST analysis revealed the 

high homology between these proteins, which indicates that they have originated 

form one ancestor (Figure 1.1). The highest homology lies in the ACD and the I/V-X-

I/V motif in the CTR of all proteins, except F08H9.3, which seems to miss this motif in 

the CTR and has instead a VPI motif in the NTR. In total, the homology between 

F08H9.3 and F08H9.4 is the smallest among the family – 46%. The highest similarity 

of 93% is shared between Hsp16.1 and Hsp16.2, the same identity of 93% is also 

shared between Hsp16.41 and Hsp16.48. The identity between Hsp16.1 and 

Hsp16.41/16.48 is 70% as well as between Hsp16.2 and Hsp16.41/16.48. Such 

sequence similarity allows to allocate Hsp16.1 and Hsp16.2, Hsp16.41 and Hsp16.48 

into homologous pairs and hypothesise that behind this feature stands a putative 

divergence of functions.  
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Figure 1.1. Sequence alignment of sHsp16s from C. elegans reveals high identity between 
the family members. The protein sequences were aligned using Mafft-G-INS-i with the default 
parameters and viewed and edited with Jalview and SnapGene. The bar colour intensity 
corresponds to the degree of conservation and completely conserved residues are marked 
with dark red bars, dark blue with the least conserved. 

The amino acid content of main sHsp16 members is poor for aromatic amino acid 

residues, such as Trp and Tyr. Hsp16.41 and Hsp16.48 have only 1 Trp residue each, 

while Hsp16.1 and Hsp16.2 lack this residue. Each of the protein contains 3 Tyr 

residues. In addition, only Hsp16.1 and Hsp16.2 contains one Cys residue at position 

33. The Asp and Glu-rich content in sHsp16s results in pI values between 4.7-5.94. 

The intracellular pH in adult C. elegans is around 7.5 (Nehrke, 2003), making sHsp16s 

negatively charged in vivo. 

IUPred2A context-dependent prediction of protein disorder (Erdős and Dosztányi, 

2020) proposed a low level of disorder for main sHsp16s members with a primarily 

disordered short CTR (Figure 1.2).  
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Figure 1.2. Prediction of disordered regions in sHsp16s. The disorder prediction score plotted 
against amino acid sequence highlights the ordered nature of the ACD in all proteins and the 
disordered nature of the CTR of main members. The NTR in F08H9s displays enhanced 
disorder tendency. 

 

The very end of the NTR for “core” members is predicted to be highly disordered, 

while it becomes more structured towards ACD. F08H9.3 and F08H9.4 had several 

regions of disorder, mainly in the CTR. The highest score of up to 0.7 was predicted 

for F08H9.4 NTR. Interestingly, CTR of F08H9s was predicted to be more structured 

compared to CTR of other sHsp16s with a score lower than 0.1. The ACD regions were 

characterised as least disordered ones.  
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Purification of sHsp16s 

 

To characterise their structure and functions, the main members of sHsp16 family 

(Hsp16.1, Hsp16.2, Hsp16.41, Hsp16.48) were overexpressed in BL21 (DE3) cells and 

purified from inclusion bodies as follows in Figure 1.3: 

 

 

Figure 1.3. Purification strategy for sHsp16s (Hsp16.1, Hsp16.2, Hsp16.41, Hsp16.48). All 
four proteins were purified from inclusion bodies via ion-exchange and size exclusion 
chromatography followed by on-column refolding and overnight dialysis against PBS.  

 

Hsp16.1 and Hsp16.2 usually yielded 20 mg from 4 L cultures, for the two others the 

yields were significantly less (about 2-5 mg) and the proteins showed instability and 

tendency to aggregate at high concentrations. Extinction coefficients for the proteins 

were taken from UniProt, however upon oligomerisation they tended to change 

potentially due to the Tryptophan and Tyrosine residues being hidden in the oligomer 

structure.  
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Secondary structure and thermal stability of sHsp16 family 

 

After purification and refolding the proteins were analysed by far-UV CD 

spectroscopy (Figure 1.4) to investigate their secondary structure and confirm the 

successful refolding. The proteins were examined at the concentration 20 µM in 0.5 

mm cuvettes in Chirascan CD Spectrometer. All proteins displayed CD spectra with a 

negative maximum at 217 nm for Hsp16.1, as well as Hsp16.41, 215 nm for Hsp16.2 

and 218 nm for Hsp16.48. The values indicate the -sheet-rich content and presence 

of a much smaller proportion of -helices (Greenfield, 2006).  

 

Figure 1.4. Analysis of the secondary structures of sHsp16s shows high -sheet content. The 

spectra were recorded in Chirascan CD spectrometer at 20C from 260 to 200 nm with a 1 nm 
step. The protein concentration was 0.3 mg/mL in PBS and measurements were taken in 0.5 
mm cuvette. The spectrum was baseline substracted and normalised for protein 
concentration, path length and the peptide bonds number. The data were moderately 
smoothed by Savitzky-Golay filtering on the spectrum. 

 

The secondary structure composition was then evaluated by Beta Structure Selection 

(BeStSel) (Micsona et al., 2015). The advantage of the algorithm is an ability to 

distinguish between the parallel and antiparallel -sheets. The spectra compositions 
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were estimated in a range from 200 nm to 260 nm (Table 1.1). Analysis showed a high 

content of antiparallel -sheets for all Hsp16s. The highest content was estimated for 

Hsp16.2 (37.1 %). In contrast, homologous to Hsp16.2, Hsp16.1 showed the lowest 

content of antiparallel -sheets (23.0 %). Only a very low proportion of parallel -

sheets (1.1 %) was estimated for Hsp16.48. In addition, a low number of -helices 

was estimated for all four Hsp16s. Hsp16.1 contains 7.7 %, which is the highest among 

the family. Contrary to its homologous protein, Hsp16.2 contains only 2.2 % of -

helices. Hsp16.41 and Hsp16.48 have 5.8 % and 4.6 % of -helices in their secondary 

structure. From 46.0 % to 54.4 % of the secondary structure were estimated as other 

types of structures, such as bends, irregular/loop and invisible regions of the 

structure.  

Table 1.1. The estimated secondary structure content of Hsp16s.  

 Hsp16.1 Hsp16.2 Hsp16.41 Hsp16.48 

Helix 7.7 % 2.2 % 5.8 % 4.6 % 

Antiparallel 23.0 % 37.1 % 32.0 % 34.8 % 

Parallel 0.0 % 0.0 % 0.0 % 1.1 % 

Turn 14.9 % 14.3 % 14.5 % 13.4 % 

Others 54.4 % 46.4 % 47.7 % 46.0 % 

 

 

In addition, fold prediction algorithm (Micsonai et al., 2021) estimated that the 

majority of antiparallel -sheets in Hsp16s are denoted to the right-twisted and 

relaxed antiparallel -sheets (Table 1.2). Interestingly, Hsp16.1 contains only 2.4 % of 

relaxed antiparallel -sheets, while other proteins have 11.8 % - 17.4 %. In addition, 

a large proportion of -helices was estimated as distorted ones (1.5% - 4.9 %).  

 

Table 1.2. Fold architecture prediction of secondary structure of Hsp16s. 

 Hsp16.1 Hsp16.2 Hsp16.41 Hsp16.48 

Regular α-helix 2.8 % 0.8 % 1.8 % 2.0 % 

Distorted α-helix 4.9 % 1.5 % 4.0 % 2.7 % 

Left-twisted antiparallel β-
strand 

2.7 % 2.6 % 3.1 % 4.0 % 

Relaxed antiparallel β-strand 2.4 % 17.4 % 11.8 % 16.2 % 
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 Hsp16.1 Hsp16.2 Hsp16.41 Hsp16.48 

Right-twisted antiparallel β-
strand 

17.8 % 17.2 % 17.1 % 14.6 % 

Parallel β-strand 0.0 % 0.0 % 0.0 % 1.1 % 

Turn 14.9 % 14.3 % 14.5 % 13.4 % 

Others 54.4 % 46.4 % 47.7 % 46.0 % 

 

The secondary structures match with the predicted ones by AlphaFold in regards of 

their -sheets content (Figure 1.5). According to AlphaFold, there is a high confidence 

that Hsp16s consist of antiparallel -sheets and with a low confidence it is predicted 

that structure includes -helices in the NTR and CTR. The CD data and the estimated 

secondary structure content shown above confirm the prediction. 

 

 

Figure 1.5. Predicted structures of sHsp16s by AlphaFold Protein Structure Database. Dark 
Blue shows prediction confidence of “very high”, light blue – “confident”, yellow – “low”, 
orange – “very low”.  

 

Thermally induced denaturation of sHsp16s was followed to examine their stability. 

The unfolding was monitored by CD spectroscopy as a function of temperature. The 

unfolding curves induced by increasing temperatures (Figure 1.6) showed two 
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distinct transitions (with two mid-points, Tm) indicating the presence of intermediate 

species during unfolding. The data suggests oligomer subunit dissociation (first step) 

followed by irreversible monomer unfolding (second step).  

All proteins showed a first step with a Tm ranging between 24 to 38C and a second 

between 42 to 69C. Hsp16.41 started oligomer dissociation already at 24C which 

designates Hsp16.41 as the least stable within the family. Hsp16.2 is the most stable 

among the hsp16s with the highest melting mid-points at 38 and 61.6C. The nature 

thermal unfolding of Hsp16.48 was different from the other Hsp16s. The unfolding 

curve shows a rapid unfolding already at 30C, while the second mid-point possibly 

represents aggregation.  

 

 

Figure 1.6. Analysis of thermal stability indicates a two-step unfolding for all sHsp16s. All 
four sHsp16s were measured at a 0.3 mg/mL concentration. Thermal transition was recorded 

from 10 to 80C or 90C at 217 nm with a heating rate 1C/min. All transition curves are fitted 
with a sigmoidal Boltzmann fit for each step of the transition to calculate Tm values. The data 
were normalised and plotted as Fu (fraction unfolded) against temperature points. 
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In summary, CD spectroscopy confirmed that all Hsp16s were correctly re-folded. 

They share similar features in their secondary structure by displaying a rich 

antiparallel -sheet structure and exhibit two-step thermal unfolding. From this 

point, a further characterisation of protein structure, specifically quaternary 

structure, was performed.  
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Structural heterogeneity of sHsp16s  

 

To investigate the oligomeric nature of sHsp16 family, the proteins were analysed by 

SEC-HPLC, SEC-MALS and AUC. These methods allow to determine molecular weight 

and heterogenic nature of the molecules. Hsp16.41 and Hsp16.48 showed a tendency 

to aggregate on the SEC column and were studied only via AUC.  

SEC-HPLC data were recorded at 230 nm to enable measurement of proteins with 

low content of Tyrosine and Tryptophan residues. As expected, Hsp16.1 and Hsp16.2 

formed large oligomers up to 700 kDa (Figure 1.7), which correspond to the elution 

of thyroglobulin. These data correlate well with SEC-MALS results. 

 

 

 

Figure 1.8. Hsp16.1 and Hsp16.2 form large oligomers. HPLC-SEC chromatograms of Hsp16.1 
and Hsp16.2 were recorded at 230 nm and separated at a 0. 5mL/min flowrate on 
Superdex200 increase 10/300 column. 50 µL of proteins were loaded in PBS. a) Elution 
chromatograms of Hsp16.1 and Hsp16.2, b) Standard curve was plotted for SEC-HPLC marker 
and used to determine the molecular weights of the oligomers. 

 

All members of the family have a low content of aromatic amino acid residues, 

therefore, for SEC-MALS analysis proteins were analysed with a RI detector. It allows 

to not only estimate the molecular mass but also extinction coefficient (ε) of a 

protein. SEC-MALS showed a major peak for Hsp16.1 and Hsp16.2 proteins at 21-24 

mins which corresponds to 300-600 kDa molecules and indicates a high polydispersity 

of the proteins (Figure 1.8). The average of the peaks is ≈450 kDa. The polydispersity 



 
 

 

- 56 - 

index of 1.016 suggests polydispersity (the monodisperse value corresponds to 

1.000). The software estimated for both proteins an extinction coefficient ε of 0.495 

which is higher than the one calculated automatically by UniProt (0.275). SEC-MALS 

analysis indicates that oligomerisation of the proteins affects their absorption.  

 

 

Figure 1.8. SEC-MALS chromatograms of sHsp16.1 and sHsp16.2 show polydispersity. 20 
µM of sHsp16s were loaded on a Superdex200 increase 10/300GL column and eluted with 
PBS at 0.5 mL/min flowrate. Bovine serum albumin (BSA) was used as a standard for 
calculating the molecular masses. 

 

As an additional method, AUC was used to evaluate the size and nature of oligomers. 

It allowed to measure all four proteins. The data was recorded at 230 nm given the 

low content of aromatic amino acids (Figure 1.9).   

As AUC does not involve any interaction with a column matrix, it was possible to get 

the oligomer sizes for Hsp16.41 and Hsp16.48 proteins, which usually aggregate on a 

SEC column. Broad peaks of sedimentation (Figure 1.9, A) for Hsp16.1 and Hsp16.2 

speak for a wide distribution of oligomer sizes within a sample. Herewith up to 90 % 

of oligomers exhibit 30-36 subunit complexes (Figure 1.9, B). The distribution of 

Hsp16.41 and Hsp16.48 oligomers was different. Only half of the species were large 

oligomers with up to 53 % of them formed by 26-28 subunits (415-460 kDa) and 

nearly 50 % of small species (ranging from dimers to different multimers comprised 

of 12 subunits) were present in the sample. The shown profiles match the hypothesis 

that Hsp16s can be divided into homologous pairs regarding not only their sequence 

identity but, as shown above, also their structure. 



 
 

 

- 57 - 

 In total, Hsp16 family members are present as large oligomers with up to 36 

monomeric subunits. Hsp16.1/16.2 and Hsp16.41/16.48 show similar features in 

their structure. The oligomers are heterogeneous, which indicates the presence of 

various molecular species and potentially high dynamics 

 

 

Figure 1.9. Homologous sHsp16s show same size pattern for oligomers. Proteins were 

measured at 0.3 mg/mL concentration in PBS at 20C in triplicates. Sedimentation values 
were determined at 230 nm at 30 000 rpm. a) Sedimentation profiles of Hsp16.1, Hsp16.2, 
Hsp16.41, Hsp16.48 show large complexes, the peaks of the homologous Hsp16.1 and 
Hsp16.2 correspond to heterogenic oligomers, Hsp16.41 and Hsp16.48 have less pronounced 
heterogeneity of oligomers. b) Distribution of Svedberg values indicates the presence of 
mostly large oligomers in the samples. 

.   
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The chaperone activity of Hsp16s in vitro comprises holdase and 

aggregase functions independent of temperature 

 

Hsp16s are molecular chaperones that act in an ATP-independent manner. To 

investigate their chaperone activity in vitro, the proteins were tested for their ability 

to suppress aggregation of model substrates such as MDH, CS and Insulin. The first 

two substrates were thermally aggregated at 42C, which is a lethal heat stress for 

worms. Also, the chemical aggregation of insulin was used as a model for a milder 

type of aggregation that would be closer to in vivo conditions. 

Although the aggregation for MDH and CS was performed at elevated temperature, 

Hsp16.1 and Hsp16.2 in the similar pattern demonstrated holdase activity by 

supressing their aggregation (Figure 1.10). Hsp16.2 showed higher activity with both 

substrates compared to Hsp16.1. While 1 µM of Hsp16.2 supressed aggregation of 2 

µM MDH by 85%, Hsp16.1 reached the point only at 1:2 ratio. According to the CD 

data (Figure 1.4), 43C would correspond to the dissociation of the Hsp16.1 and 

Hsp16.2 oligomers and this might assist in their holdase activity. Both chaperones 

were successful in supressing chemical denaturation of insulin performed at 37C, 

however, Hsp16.1 showed higher activity (Figure 1.10). Insulin aggregation was 

suppressed by 50% with 0.5 µM Hsp16.1, in contrast, Hsp16.2 showed the same 

activity at twice higher concentration. 4 µM of either hsp16.1 or Hsp16.2 were 

enough to completely reduce the aggregation of insulin. In contrast, Hsp16.41 and 

Hsp16.48 demonstrated a tendency towards aggregase activity at elevated 

temperatures (Figure 1.11). With the increase of Hsp concentration the aggregation 

was accelerated rapidly for Hsp16.41 and Hsp16.48 with MDH. In the CS aggregation 

assay complexes showed a less rapid co-aggregation compared to the MDH assay and 

neither holdase nor aggregase activities were noted. With insulin, however, Hsp16.48 

at a concentration 4 µM suppressed aggregation by nearly 50%. Its homologous 

protein Hsp16.41 showed high suppression at 1 µM concentration by supressing 

aggregation by 30% and the highest co-aggregation at 4 µM.  
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Figure 1.10. Hsp16.1 and Hsp16.2 show similar holdase activity towards model substrates 
at elevated temperatures. The proteins were added at different concentrations (0.25 µM, 0.5 
µM, 1 µM, 2 µM, 3 µM, 4 µM, 6 µM, 8 µM) to either 2 µM of MDH, 1 µM CS or 40 µM insulin. 
8µM of chaperone alone were used as a control for the MDH and CS assays, 4 µM in the insulin 

assay. Aggregation was monitored at 42C at 360 nm in a photometer for the MDH as well 

as CS, and at 37C with insulin. Level of aggregation at the maximal point (a.u.) is plotted 
against the concentration of the chaperone added (left), the aggregation curves were plotted 
against the respective time point (right). Standard deviations were calculated from at least 3 
replicates.  
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Figure 1.11. Hsp16.41 and Hsp16.48 show similar aggregase activity towards model 
substrates at elevated temperatures. The proteins were added at different concentrations 
(0.25 µM, 0.5 µM, 1 µM, 2 µM, 3 µM, 4 µM, 6 µM, 8 µM) to either 2 µM of MDH, 1 µM CS or 
40 µM insulin. 8 µM of chaperone alone were used as a control for MDH assay, 4 µM in CS 

and insulin assays. Aggregation was monitored at 42C at 360 nm in a photometer for the 

MDH as well as CS, and at 37C with insulin. Level of aggregation at maximal point (a.u.) is 
plotted against the concentration of the chaperone added (left), the aggregation curves were 
plotted against the respective time point (right). Standard deviations were calculated from at 
least 3 replicates.  
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From the above graphs it is clear that the Hsp16 family shows pairwise similar 

chaperone activity mechanisms. Hsp16.1 and Hsp16.2 demonstrate clear holdase 

activity, whereas Hsp16.41 and Hsp16.48 show aggregase features.  

Since chaperones are often associated with activation by heat stress and sHsp16s are 

not an exception (Ritosssa, 1962; Candido et al., 1989), the aggregation of insulin was 

then monitored at permissive temperature (15C). Furthermore, C. elegans usually 

live at 15-20C, while 37C is considered an extreme stress (Zevian and Yanovitz, 

2014). The question is whether these chaperones need heat to activate their 

chaperone function. It was hypothesised that the Hsp16 family may not require heat 

to prevent/promote aggregation of the unfolding substrate. In addition, their 

chaperone function may be not limited by heat stress but driven by a variety of other 

cellular stresses.  

Hsp16.1 and Hsp16.2 showed high holdase activity with insulin at 15C (Figure 1.12). 

Both chaperones supressed aggregation of insulin by 90% at 2 µM concentration. 

Hsp16.1 showed the same effect at 37°C only at 4 µM. Hsp16.2 was more effective 

at elevated temperature by suppressing aggregation by 90% at 1 µM. Nonetheless, 

both chaperones clearly show holdase activity independent of the temperature.  

Hsp16.41 and Hsp16.48 showed relatively low holdase activity towards insulin at 

15C. The highest activity (about 20% of aggregation suppression) of Hsp16.41 was 

at 1 µM, which complements the experiment at 37C. Hsp16.48 at concentration 

4µM suppressed aggregation by nearly 30%, which is similar to its activity at 37C. 

These two chaperones were more active at 37C than at 15C.  

In summary, all Hsp16 proteins showed chaperone activity. Hsp16.1 and Hsp16.2 

clearly demonstrate holdase activity with all tested substrates, while Hsp16.41 and 

Hsp16.48 displayed tendency to aggregase function with MDH and CS and minor 

holdase activity with insulin.  
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Figure 1.12. Hsp16.1 and Hsp16.2 are active chaperones at permissive temperatures. The 
proteins were added at different concentrations (0.5µM, 1µM, 2µM, 4µM, 6µM, 8µM) to 
40µM insulin. 8µM or 4µM of chaperone alone were used as a control. Aggregation was 

monitored at 15C at 360nm in a photometer. Level of aggregation at maximal point (a.u.) is 
plotted against the concentration of the chaperone added (left), the aggregation curves were 
plotted against the respective time point (right). Standard deviations were calculated from at 
least 3 replicates.  
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As shown above, Hsp16.1 and 16.2 supress the formation of amorphous aggregates 

during a heat stress. To take a closer look at the mechanism of the holdase action of 

Hsp16.1 and Hsp16.2, the interaction between them and aggregating substrates 

(MDH and insulin) was monitored by TEM at the timepoints between 0 and 50 min. 

In aggregation assays 8 µM of Hsp16s is enough to suppress MDH aggregation (2 µM 

MDH), and 4 µM of 40 µM insulin. These ratios were chosen as a starting point for 

TEM.  

The micrographs show that Hsp16.1 oligomers are stable during the 50 min of 

exposure to heat and keep the same size without visible dissociation to smaller 

species (Figure 1.13. A-E). This indicates that heat stress alone may not influence 

dissociation of Hsp16.1 to smaller species to become an active chaperone.  

 

 

Figure 1.13. Hsp16.1 forms complex with an aggregating MDH to prevent forming of 

amorphous aggregates. A-E) TEM micrographs of Hsp16.1 incubated at 42C for 0 min (A), 
10 min (B), 20 min (C), 30 min (D), 50 min (E). F-J) TEM micrographs of Hsp16.1 incubated 

with aggregating MDH at 42C for 0 min (F), 10 min (G), 20 min (H), 30 min (I), 5 0min (J). K 

and L correspond to MDH alone at 0 and 50 min after incubation at 42C respectively. The 
scale bars correspond to 100 nm. Red arrows indicate the growing substrate:Hsp complexes, 
yellow – stable oligomers of Hsp16.1. TEM images were taken by Dr. Carsten Peters.  
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Once Hsp16.1 is exposed to an aggregating substrate, it shows a canonical holdase 

feature by forming a complex with the aggregating MDH (Figure XF-J). These 

substrate:Hsp complexes grow in size and become at least twice larger than hsp16.1 

alone already after 10min of aggregation (Figure 1.13. B, G). MDH alone shows a clear 

sign of amorphous aggregates in the absence of the chaperone (Figure 1.13. K, L). 

As expected, Hsp16.2 showed the same pattern of preventing MDH from amorphous 

aggregation. The only difference was that the substrate:Hsp complexes 

demonstrated at least a twice large size compared to Hsp16.2 alone at the 20 min 

timepoint (Figure 1.14.C, H). As Hsp16.1, Hsp16.2 remained stable during the 50 min 

incubation at 42C with no sign of a complete dissociation into smaller species (Figure 

1.14. A-E).  

 

Figure 1.14. Hsp16.2 forms a complex with an aggregating MDH to prevent forming of 

amorphous aggregates. A-E) TEM micrographs of 8 µM Hsp16.2 incubated at 42C for 0 min 
(A), 10 min (B), 20 min (C), 30 min (D), 50 min (E). F-J) TEM micrographs of Hsp16.1 incubated 

with aggregating 2 µM MDH at 42C for 0 min (F), 10 min (G), 20 min (H), 30 min (I), 50 min 

(J). K and L correspond to 2 µM MDH alone at 0 and 50min after incubation at 42C 
respectively. The scale bars correspond to 100 nm. Red arrows indicate the growing 
substrate:Hsp complexes, yellow – stable oligomers of Hsp16.2. TEM images were taken by 
Dr. Carsten Peters.  
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Hsp16.1 and Hsp16.2 show similar mechanisms of suppression of insulin aggregation 

(Figure 1.15 and 1.16). Insulin was reduced with DTT and after 50 min showed 

amorphous aggregates (Figure 1.15, L). Starting at 10min of incubation (Figure 1.15, 

G), the complexes were visibly larger compared to Hsp16.1 and Hsp16.2 alone. 

However, unlike MDH, the insulin:Hsp complexes appeared morphologically 

different, mostly forming smaller complexes of different shapes. Although 

aggregation is clearly supressed and insulin aggregates were smaller in the presence 

of Hsp16s, they looked less structured compared to MDH:Hsp.  

 

 

Figure 1.15. Hsp16.1 forms a complex with chemically aggregated insulin to prevent 
forming of amorphous aggregates. A-E) TEM micrographs of 4 µM Hsp16.1 incubated at 

37C for 0 min (A), 10 min (B), 20 min (C), 30 min (D), 50 min (E). F-J) TEM micrographs of 4 

µM Hsp16.1 incubated with aggregating 40 µM insulin at 37C for 0 min (F), 10 min (G), 20 
min (H), 30 min (I), 50 min (J). K and L correspond to 40 µM insulin alone at 0 and 50 min after 

incubation at 37C respectively. Scalebar corresponds to 100 nm. Red arrows indicate the 
growing substrate:Hsp complexes, yellow – stable oligomers of Hsp16.1. TEM images were 
taken by Dr. Carsten Peters.  
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In addition, it can be concluded that 4 µM of Hsp16.1 do not supress insulin 

aggregation completely. In contrast, 8 µM of Hsp16.2 (Figure 16, F-J) showed a 

evident suppression of amorphous aggregation by forming structured Hsp:substrate 

complexes. The complexes appear larger compared to Hsp only control (Figure 1.16, 

A-E) but smaller than observed for MDH complexes (Figure 1.14, F-J).  

 

 

 

Figure 1.16. Hsp16.2 forms a complex with chemically aggregated insulin to prevent 
forming of amorphous aggregates. A-E) TEM micrographs of 4 µM Hsp16.2 incubated at 

37C for 0 min (A), 10 min (B), 20 min (C), 30 min (D), 50 min (E). F-J) TEM micrographs of 8 

µM Hsp16.2 incubated with aggregating 40 µM insulin at 37C for 0 min (F), 10 min (G), 20 
min (H), 30 min (I), 50 min (J). K and L correspond to 40 µM insulin alone at 0 and 50min after 

incubation at 37C respectively. The scalebar corresponds to 50 nm for assay and 100 nm for 
insulin control. Red arrows indicate the substrate:Hsp complexes, yellow – stable oligomers 
of Hsp16.2. TEM images were taken by Dr. Carsten Peters.  

 

According to the thermal transitions (Figure 1.6), at 37C and 42C both chaperones 

still retain their oligomeric structure and dissociate at temperatures above 50C.  This 
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corresponds to the observations made in TEM, where Hsp16.1 and Hsp16.2 do not 

dissociate during the 50 min of incubation. Thus, they do not dissociate into smaller 

species to become active chaperones and excel their holdase function. They act 

independently of a heat stress, although in vivo they are expressed under stress 

conditions, including heat stress. The mechanism of their action looks as if they are 

recruited to unfolding MDH and keep it in a structured form in soluble oligomers 

without changing their own oligomeric size. Unlike MDH, the insulin:Hsp complexes 

were less structured, more heterogenous and smaller in size.  

In summary, the chaperones displayed a concentration-dependent holdase and 

aggregase activity with the tested substrates – MDH, CS and insulin under denaturing 

conditions. They are active at permissive and elevated temperatures as shown in 

chaperone assays. TEM micrographs specifically illustrated the inhibition of 

amorphous aggregates at early time points after the induction of aggregation without 

dissociation of Hsp16.1 or Hsp16.2 into smaller species. 
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Dynamics of sHsp16s. H/DX-MS 

 

H/DX-MS allows to investigate the structure of sHsp16s by evaluating the dynamics 

of the molecule. This method allows to analyse the accessibility of hydrogen atoms 

of amino acid residues (aa) to deuterium and thus evaluate the flexibility or rigidity 

of proteins on a peptide level. The exchange of hydrogen atoms of each oligomer was 

measured. The mass spectra were monitored at several time points of exchange (10s, 

1min, 10min, 30min, 120min) and visualised via heat maps (Figure 1.17). The peptide 

coverage is between 84.6% to 97.2% (Figure S1). Hsp16.1 and Hsp16.2 were covered 

from residue 2 to 145, while residues 16-19 in Hsp16.1, as well as 34-42 and 138 for 

Hsp16.2 were missing (Figure 1.17, A and B). MS spectra for Hsp16.41 miss residues 

at the positions 68 and 77, as well as 93-99 peptide, as well as 55-59, 85-89, 123-130 

peptides for Hsp16.48 (Figure 1.17, C and D). The NTR of sHsp16s is allocated to 1-42 

residues, the ACD to 42-123 and the CTR is 124 to 143/145.  

sHsp16s share the same canonical β-fold core structure of the ACD. The B-factor 

profiles indicate an enhanced rigidity in the ACD region of all proteins (Figure 1.18). 

However, Hsp16.1 and Hsp16.2 exhibit greater flexibility in the NTR and CTR. 

Interestingly, the sequence difference between Hsp16.1 and Hsp16.2 is only 10 

amino acid residues. Those differences are distributed over all domains - the NTR, 

ACD and CTR (highlighted in light blue, Figure 1.18, B). This feature may have granted 

a deviation in flexibility of the NTR and CTR but surprisingly not in the ACD. Switch of 

hydrophobic residues in Hsp16.1 to more hydrophilic in Hsp16.2 introduced higher 

plasticity at the position 26-29aa (highlighted in red, Figure 1.18, B). Typical for sHsps 

(Haslbeck et al., 2019), the CTR at its very end was reported to be flexible. Isoleucine-

valine substitution influenced CTR exposure by making this region more flexible in 

Hsp16.2. Interestingly, alanine-isoleucine cluster (51-52) in the beginning of the ACD 

showed the same highest rigidity in both proteins and might serve as a stability core.  

Hsp16.41 and Hsp16.48 have 93% homology of their protein sequences with a 

difference in only 9 aa. H/DX-MS showed similar pattern of rigidity in the ACD as in 

Hsp16.1/16.2, from which they differ in 70%. The highest difference between two 
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protein pairs lies in NTR and CTR. For Hsp16.41, the first part of the NTR was flexible 

except a “pocket” at 18-20 L-D-E residues. The same pattern is seen for Hsp16.48. 

Aspartic residue (D) and Glutamic residues (E) are negatively charged and tend to be 

exposed on the surface of proteins, unless they are crucial for stability of the protein 

(Betts and Russel, 2003). The rest of the NTR is moderately exposed in Hsp16.41, even 

more in Hsp16.48. The NTR of Hsp16.48 was slightly more flexible at the position 13-

17aa, where Alanine is replaced by Valine, which is more hydrophobic (underlined 

red, Figure 1.18, B). Nevertheless, the presence of hidden patterns is surprising as the 

NTR is considered to be involved in the interaction with unfolding substrate. Another 

difference between homologous Hsp16.41 and Hsp16.48 lies at another place of 

variability at the end of the ACD, 110-113aa (SVKS), where Proline is exchanged to 

the Threonine at the position 109.  

The highest flexibility within ACD and in total for Hsp16.41 was at 115-118 aa (ISNE), 

this region is mostly polar and such residues tend to be exposed to the aqueous 

environment. The most flexible region of Hsp16.48 is at 78-83aa and 110-113aa 

regions located in ACD. The CTR of Hsp16.48 was slightly less rigid compared to 

Hsp16.41, although they both share the identical sequence in the CTRs. 
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Figure 1.17. sHsp16s show pairwise division in flexibility. HDX-MS was measured at 10 s, 1 
min, 10 min, 30 min and 120 min. Heat maps represent the exchange for amino acid residues 
with indication of the least flexible (blue) and the most flexible (red) regions A). Heat map for 
Hsp16.41 B) Heat map for Hsp16.2. C) Heat map for Hsp16.41. D) Heat map for Hsp16.48.  
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Figure 1.18. Hsp16.1 and Hsp16.2 show differences in the flexibility at the interchange of 
hydrophillic/hydrophobic residues in the NTR. A) Comparison of Hsp16.1/Hsp16.2 and 
Hsp16.41/Hsp16.48 b-factor values that represent the level of flexibility for a protein region. 
B) Sequence alignment of Hsp16.1/ Hsp16.2 and 16.41/Hsp16.48 with an indication of the 
most striking differences (red) and one noticeable similarity (green). Differences in amino acid 
residues are highlighted in light blue.  
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FRET shows that homologous sHsp16s cooperate in vitro  

 

Given the high homology between sHsp16s and their oligomer size with up to 32 

subunits, it was hypothesised that proteins may cooperate and exchange their 

subunits. The formation of such hetero-oligomers may have a functional advantage 

in vivo (Mymrikov et al., 2020). To test the hypothesis, a Förster resonance energy 

transfer (FRET) system was established for Hsp16.2. The chaperone contains a single 

Cys residue at the position 33 (NTR), which makes it an attractive target for labelling. 

At this position the protein was labelled with Atto550 or Atto647N dyes. First, the 

FRET complex was formed between Hsp16.2-Atto550 and Hsp16.2-Atto647N at 15°C 

for 30 min (Figure 1.19, a). FRET was measured for donor (Atto550) and acceptor 

(Atto647N) at 555 nm and 666 nm, respectively. The gain in acceptor fluorescence 

resulted in loss of donor fluorescence. This suggests that protein subunits are in a 

close proximity, which enables transfer of energy from donor to acceptor.  

After successfully establishing the FRET system, the interaction of Hsp16.2 with other 

family members was evaluated by a subunit-exchange assay. For this purpose, a 10-

fold excess of unlabelled Hsp16 was added to the pre-formed FRET complex. The 

exchange was monitored at 15°C by following the change in donor fluorescence. The 

gain in donor fluorescence would suggest an active subunit exchange between 

oligomers. The reduction of acceptor signal was not followed due to high dynamic of 

Hsp16s and generally low acceptor signal at the given concentration.  

According to the results shown in Fig.1.19(B), the highest rate of exchange was 

between Hsp16.2 and Hsp16.1 (56%). This indicates that high homology of these 

proteins motivates the interaction and possibly leads to interchangeability of Hsp16.1 

and Hsp16.2. The disruption of Hsp16.2 FRET complex was less pronounced with 

Hsp16.41 (38%) and even lower with Hsp16.48 (30%). These findings match well with 

the expectations built on the assumption that Hsp16.1 and Hsp16.2 may share 

features due to their similarity.    
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Figure 1.19. sHsp16s interaction in vitro studied by FRET. A) Formation of the Hsp16.2 FRET 
pair. Atto550 and Atto647N labelled Hsp16.2 were mixed at 1:1 ratio, to result in 5µM total 
protein concentration. The change in donor and acceptor fluorescence was measured at 15°C 
for 30 min at 555 nm excitation and 575/666 nm emission wavelengths. The change in spectra 
at 0 min and 30 min was followed at 555 nm excitation and 575-700 nm emission range. B) 
Subunit-exchange was measured by addition of 10-fold excess of unlabelled protein with a 
final protein concentration 5 µM. The dissociation of a FRET pair complex was monitored by 
change in donor signal at 15°C for 30 min at 555 nm excitation and 575 nm emission (left). 
The relative level of exchange with FRET pair was plotted for each of the unlabelled protein 
(right) by normalizing the end-point of exchange to Hsp16.2. The experiment was performed 
at least in triplicates and the mean values and the standard deviation are shown.  

  



 
 

 

- 74 - 

To test subunit exchange via FRET with at least one of other homologous proteins, 

either Hsp16.41 or Hsp16.48, two Cys mutant constructs were ordered from GeneArt 

(Figure 1.20). The sequences were codon optimised for E. coli expression and the 

genes were cloned in the pET21(+) vector. The plasmids for the Hsp16.41 (A33C) and 

Hsp16.48 (A33C) mutants were transformed into JM109 (DE3), BL21 (DE3) and 

Shuffle cells. To optimise expression and later purification of the mutant proteins a 

pool of test expressions was done at 30°C and 37°C (Figure 1.20) with addition of 1 

mM IPTG (final concentration). The test expression of cysteine mutants indicates the 

optimal system for protein expression as BL21(DE3) at 30°C for Hsp16.41(A33C) and 

JM109(DE3) at 30°C or 37°C for Hsp16.48(A33C) overnight. Under all tested 

conditions, the proteins were expressed as inclusion bodies, which requires refolding 

and purification protocol.  
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Figure 1.20. Test expression of Hsp16.41 and Hsp16.48 cysteine mutants. The scheme at the 
top illustrates a position in NTR at which Alanine was substituted to Cysteine for later 
fluorescent labelling. SDS-PAGE gels (15%) below show expression of Hsps in the insoluble 
pellet fraction (P) and in soluble lysate fraction (L) at different time points (0 h, 1 h, 2 h, 3 h 
or overnight (o/n)). As a reference, pre-stained dual colour protein ladder (Serva) was used. 
The molecular weights are indicated on the left panel in kDa. The test expressions were 
carried in three expression E. coli systems, such as BL21 (DE3), JM109 (DE3) and Shuffle cells 
at 30°C and 37°C. The highest expression for each protein is highlighted in the red boxes.    
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2. Interactome profiling of sHsp16s 

 

The feature of sHsps is their ability to prevent aggregation of their substrates. Given 

the high homology of Hsp16s, it was hypothesised that they act cooperatively in the 

cell (as shown in FRET experiments). However, the differences in their sequences 

allow to assume that the interaction network may include Hsp-specific interactors. 

To investigate this hypothesis and to examine substrate specificity, co-

immunoprecipitation coupled to mass spectrometry (co-IP/MS) was performed for 

all 4 proteins to determine the protein-protein interaction (PPI) network. The chosen 

workflow is depicted in Figure 2.1: 

 

 

Figure 2.1. The workflow of co-IP/MS for ppi network of Hsp16s. The three major steps 
include the protein extraction from worms, co-immunoprecipitation on the beads and mass 
spectrometry analysis followed by statistical analysis. The workflow is illustrated in 
BioRender. 
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The Hsp16s were added to the protein extract of the wild type (N2 Bristol) C. elegans 

strain and incubated at 20C and 37C to mimic regular and stress conditions. Then 

the formed complexes were captured on the G-sepharose beads coupled to a specific 

antibody. As a control and to remove false-positive interactions, the complexes were 

also incubated with a pre-serum. An anti-Hsp16.41 antibody was used for capturing 

each of sHsp16 as it was tested to be reactive with all four members of the family 

(Figure. 2.2). The complexes were immobilised on the beads and subjected to the on-

bead digest with Trypsin followed by mass spectrometry analysis on the Orbitrap 

Fusion Mass Spectrometer. Data analysis was performed in MaxQuant v.1.6.2 with a 

label-free quantification approach (LFQ). The filtering and statistical analysis were 

done in Perseus v.1.6.2.1. To increase statistical significance, the experiment was 

performed in quadruplicates with a false discovery rate (FDR) of 0.05.  

 

 

Figure 2.2. Western Blots show low antibody specificity towards sHsp16s. The anti-Hsp16.2 

monoclonal antibody reacts with the two homologous Hsp16.1 and Hsp16.2 proteins, but not 

with Hsp16.41 and Hsp16.48 (left). The anti-Hsp16.41 polyclonal antibody cross-reacted with 

all Hsp16s (right).  
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In total, over 3000 interactors were identified for each of the four proteins. Around 

400 of those were selected after filtering as statistically significant (FDR<0.05) with 

at least 2-fold change in the abundance compared to the control (Table S1). The Venn 

diagrams present a visual summary of protein interactors of Hsp16s identified at 20C 

and 37C. The highest number of substrates for each chaperone was noted at 20°C, 

with exception of Hsp16.48, which showed a slightly higher number of interactors at 

elevated temperature. Specifically, the highest number of hits were found for 

Hsp16.1 at 20C and for Hsp16.48 at 37C as 477 and 466, respectively (Figure 2.3, 

A). The lowest number of interactors was found for Hsp16.48 at 20C and Hsp16.41 

at 37C, 445 and 397 hits respectively.  

Interestingly, data showed that the substrate specificity is different at elevated and 

regular temperatures for each Hsp16. The chaperones show high activity at both 

conditions, which suggests that they may not act only upon heat stress. This 

statement was supported by the in vitro chaperone assays shown above. In 

particular, 230 proteins were found at 37°C in all the samples, while at 20°C this 

number is even higher as 270 hits were shared. Against expectations, a high number 

of the matching interactors was found for nonhomologous Hsp16s, such as Hsp16.1 

and Hsp16.41 (18 hits at 37°C and 25 at 37°C, Figure 2.3, A, in yellow).  

Interestingly, when individual Hsp16’s interactome at 20°C and 37°C compared, the 

overlap of interactors is only slightly over 20 % (Figure 2.3, B). For example, only 22% 

of Hsp16.1 substrates were found at both 20°C and 37°C. In the case of Hsp16.2, this 

proportion is 23 %, Hsp16.41 is 24% and Hsp16.48 is 24%.  

In general, the pattern of overlaps between different Hsp16s is similar at both 

temperatures. However, when the same Hsp16 is compared at two different 

temperatures, there is a low number of the same interactors. It appears that the 

interactomes are affected by temperature.  
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Figure 2.3. Characteristics of the interactome. A) The table on top summarises the total 

amount of significant interactors for each chaperone at 20°C and 37°C. Venn diagrams of 

interactors identified at 20C and 37C show the total number of hits for each of the samples 

and an overlap between them derived from the filtered data set. B) The overlap of the hits 

identified for each Hsp16 at both temperatures was compared. 
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The interactors were visualised as volcano plots (Figure 2.4 and 2.5) and the top 15 

interactors with the highest abundance were highlighted. These interactors varied 

among the sHsp16s, however, several of them were found in all four pull-downs.  

Hsp16s share many highly abundant interactors at 37C (Figure 2.4). For example, 

among the interactors with highest abundance was tost-1, responsible for cell 

division (Cordeiro Rodriges et al, 2019). Spd-5 is another specific example of a top 

interactor. However, it was not found among the top scored for Hsp16.41. This 

protein is involved in regulation of miotic cycle and protein localisation to organelles 

(Erpf et al, 2019). Interestingly, unc-26 was among the top interactors for all four 

Hsp16s but only at 37C. This protein is responsible for locomotion, a phosphatase 

activity and is also implicated in the Down syndrome. It is considered to be an 

ortholog of a human protein involved in Parkinson’s disease (Yemini et al, 2013; Kim 

et al., 2018). An exclusive hit for Hsp16.1, Hsp16.41 and Hsp16.48 was the mlc-2 

interactor, which is involved in muscle contraction and hypothesised to be a part of 

myosin complex (Rushforth et al, 1998). In addition, it is an ortholog of several human 

genes, such as MYL10, MYL2 and MYL7 (Kim et al., 2018). Highly abundant in 

Hsp16.41 and Hsp16.48 pull-downs at 37C was raga-1 that has GTPase activity and 

determinates the adult lifespan (Heintz et al, 2017). Found among the Hsp16.2, 

Hsp16.41 and Hsp16.48 top-15 interactors a sel-11 protein, is predicted to facilitate 

ubiquitin protein ligase activity, it is also an ortholog of human SYVN1 (Choi et al, 

2010). As can be seen, at 37°C the interaction network of sHsp16s overlaps, including 

the top-15 of the most abundant interactors. 

In the top-15 interactors of Hsp16.2 at 37C (Figure 2.4, b) trpp-6 protein was found, 

which is a member of the trafficking protein family in C. elegans. Interestingly, this 

protein is predicted to be involved in ER/Golgi vesicle-mediated transport. Hsp16.41 

and Hsp16.48 were also identified as interactors of trpp-6 at 37°C, however at lower 

abundance. At 20C, however, trpp-6 was among the Hsp16.2 interactors only. 

Several other trpp family members were identified, such as trpp-5, trpp-8 and trpp-

11. In addition, at 20 trpp-1 and trpp-4 were found to interact with Hsp16.48 and 

Hsp16.2/Hsp16.41 respectively.  
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Hsp16.41’s unique top-15 interactor (Figure 2.4, c) imp-2 is involved in proteolysis 

(Grigorenko et al, 2017). It was also found to be interactor of other sHsp16s but at 

lower abundance. In addition, in the top-15 of Hsp16.41 was also found epg-7, which 

is a scaffold protein that is reported to be implicated in autophagy (Zhang et al., 

2013). Human ortholog of this gene RB1CC1 is reported to be involved in breast 

cancer (Ki, et al., 2018; Konstantinidis and Tavernarakis, 2021). The epg-7 was among 

interactors of all sHsp16s with exception of Hsp16.1. 
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Figure 2.4. Volcano plots illustrate the interactors of Hsp16s at 37°C. A-D) Volcano plots that 

represent the interactors of Hsp16.1, Hsp16.2, Hsp16.41 and Hsp16.48 respectively. The most 

significant interactors were visualised in colour, the parameters were FDR<0.05 and at least 

2-fold change of abundance (* corresponds to FDR<0.05, ** to FDR<0.01, *** to FDR<0.001). 

The top-15 interactors were chosen based on their abundance and are presented on the right.  
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In the interaction network of Hsp16.48 (Figure 2.4, d) sql-1 was found at high 

abundance compared to other Hsp16s. Interestingly, it is predicted to participate in 

ER/Golgi vesicle-mediated transport and small GTPase activity (Broekhuis et al, 

2013), likewise trpp family. Sql-1 was identified as an interactor of all Hsp16s, 

however at the highest level in PPI network of Hsp16.48. Mig-2 and tsr-1 are both 

assigned as interactors of all fours Hsp16s but were enriched the most for Hsp16.48.  

The most striking interaction that is found in the data is one with the members of 

another small heat shock family in C. elegans – Hsp12s. Hsp12.1 was listed in top-15 

of all Hsp16s at both temperatures. In addition, Hsp12.2 was found among the hits 

of all Hsp16s as well, however at a lower abundance. The other two members of 

Hsp12 family – Hsp12.3 and Hsp12.6 – were not found.  

In summary, the top-15 interactors of Hsp16s at 37°C overlap, however, the list also 

includes unique proteins. On the other hand, most top-15 interactors are allocated 

to more than one Hsp16 but at lower abundance, which excluded them from the top-

15 list.  

To check the hypothesis that homologous Hsp16s may share functions and therefore 

substrates, the obtained data sets were plotted against each other to estimate the 

correlation between them (Figure 2.5). Unsurprisingly, the homologous chaperones 

showed strikingly high correlation. Pearson’s coefficients (r) were 0.93 and 0.91 for 

Hsp16.1/Hsp16.2 and Hsp16.41/Hsp16.48 pairs respectively. This means that 

chaperones share a significant proportion of substrates at 37°C, which confirms the 

initial hypothesis.  
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Figure 2.5. Correlation between homologous sHsp16s regarding their interactors is high at 

37C. The fold change in abundance of interactors of homologous proteins (Hsp16.1 to 

Hsp16.2, Hsp16.41 to Hsp16.48) were plotted against each other and Pearson’s correlation 

coefficient was calculated to determine the linear correlation between two sets of data. 

 

The correlation between nonhomologous chaperones was estimated in the same 

manner by calculating the Pearson’s coefficients (Figure 2.6). The correlation 

between Hsp16.41 and Hsp16.1 or Hsp16.2 is 0.86. The correlation between 

Hsp16.48 and Hsp16.1 or Hsp16.2 is 0.85. Although the correlation was lower 

compared to homologous chaperones, it is nonetheless high. This suggests that a 

homology of 70% between nonhomologous proteins allows the proteins to share 

substrates.  
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Figure 2.6. Correlation between nonhomologous sHsp16s in regards of their interactors is 

lower than between homologous ones at 37°C. All interactors of nonhomologous proteins 

(Hsp16.1 to Hsp16.41, Hsp16.1 to Hsp16.48, Hsp16.2 to Hsp16.41, Hsp16.2 to Hsp16.48) were 

plotted and Pearson’s correlation coefficient was calculated to determine the linear 

correlation between two sets of data. 

 

Then the correlation between interactors of each chaperone at different 

temperatures was estimated via Pearson’s correlation coefficient (Figure 2.7). For 

Hsp16.1 the correlation between identified substrates at 20°C and 37°C is r=0.59, for 

Hsp16.2 r=0.57, for Hsp16.41 it is slightly lower and is estimated as r=0.56, for 

Hsp16.48 is r=0.58. The correlations are similar among the protein family. 

Interestingly, there is more correlation between substrates at 37°C among different 

chaperones than between the interactome of the same chaperone at different 

temperatures. 
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Figure 2.7. Correlation between PPIs at 20°C and 37°C. The fold change of interactors 20°C 

and 37°C were plotted against each other and Pearson’s correlation coefficient was 

calculated to determine the linear correlation between two sets of data.  

 

This leads to the analysis of interactome at 20°C. Almost 40% of PPIs are shared 

between each chaperone at 20°C and 37°C (Figure 2.3). Nonetheless, the majority of 

interactors change upon different temperatures. The volcano plots (Figure 2.8) 

indicate a high number of significant hits (p-value<0.05) with over 400 of them at 2-

fold change compared to the control.  

The top-15 list of the hits with the most pronounced fold change were plotted for all 

four Hsp16s. The plots that represent the 20°C data set showed noticeable difference 

from the ones at 37°C. For example, among the interactors with the highest fold 

change appeared Hsp17, which is another small heat shock protein of C. elegans. It 

was found among interactors of Hsp16s at 37°C at low abundance, however, upon 

permissive temperature the abundance of the protein increased.  

Hsp12.1 was also found in the top-15 of interactors of all Hsp16s. Another member 

of the Hsp12 family, Hsp12.2, was found in the interactome of all Hsp16s as well but 
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at a much lower abundance. Interestingly, two other members of Hsp12 group were 

not detected in any of pull-downs.  

A striking hit found for all Hsp16s at 20°C is hum-6. This protein is considered as a 

heavy chain of an unconventional myosin (Baker and Titus, 1997). It is predicted to 

enable microfilament motor activity. The human ortholog MYO7A is implicated in 

several diseases, such as Usher syndrome (Kim et al., 2018). Another common 

interactor, sql-1, was allocated to the top-15 list for Hsp16.41 and Hsp16.48. At a 

lower abundance it was also found among Hsp16.1 and Hsp16.2’s interactors. The 

protein is located in the Golgi apparatus and predicted to be involved in ER to Golgi 

vesicle-mediated transport (Broekhuis et al., 2013).  

Another transport component found was hpo-12, which is involved in 

transmembrane transport. However, hpo-12 was found exclusively in the Hsp16.1 

interactome. Among the top-15 interactors of Hsp16.2 and Hsp16.48 is trr-1. This 

protein is involved in negative regulation of vulva development and regulation of 

reproduction (Ceol and Horovitz, 2004). Interestingly, Trr-1 was not identified as 

interactor of any sHsp16 at 37°C.  A common for 20C and 37°C interactomes is epg-

7 which was identified among the interactors of all four Hsp16s at 20C, and among 

all Hsp16s at 37°C with the exception of Hsp16.1. As stated above, it is involved in 

autophagy. Interestingly, sHsp16s were found among PPIs of each other at both 

temperatures. This leads to the assumption that they communicate with each other 

and form hetero-oligomers. 

Many interactors that appeared in top-15 list are not yet characterised, thus, the type 

of interaction between them and sHsp16s remains elusive. Overall, the interactome 

of sHsp16s is impressively large and notably changes upon different temperatures. 

Almost 25% of interactors are shared between the interactomes at two conditions, 

however, a large part of the interaction network shifts towards unique substrates. 

The interactors of the Hsp16 family are involved in various cellular processes, 

including vesicle-mediated transport, apoptosis, development and locomotion. 

These findings reveal a functional plasticity of sHsp16 family. 
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Figure 2.8. Volcano plots illustrate the interactors of Hsp16s at 37°C. A-D) Volcano plots that 
represent the interactors of Hsp16.1, Hsp16.2, Hsp16.41 and Hsp16.48 respectively. The most 
significant interactors were visualised in colour, the parameters were FDR<0.05 and at least 
2-fold change of abundance (* corresponds to FDR<0.05, ** to FDR<0.01, *** to FDR<0.001). 
The top-15 interactors were chosen based on their abundance (fold change) and presented 
on the right.  
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The correlation between the set of interactors of homologous chaperones is, as 

expected, high. The Pearson’s correlations were estimated by linear fit and are r = 

0.90 and 0.91 for Hsp16.1/16.2 and Hsp16.41/16.48, respectively (Figure 2.9). The 

correlation matches with the one at 37°C and shows the large proportion of shared 

substrates between chaperones.  

 

Figure 2.9. Correlation between homologous sHsp16s regarding their interactors is high at 

20C. The fold change in abundance of interactors of homologous proteins (Hsp16.1 to 

Hsp16.2, Hsp16.41 to Hsp16.48) were plotted against each other and Pearson’s correlation 

coefficient was calculated to determine the linear correlation between two sets of data. 

Statistical analysis of the Hsp16’s interactome shows that pI values, molecular masses 

and hydrophobicity of the interactors differ from the characteristics of the total 

worm proteome (Figure 2.10). The mean hydrophobicity of total proteome is -0.28, 

which is slightly hydrophilic. Hsp16s interact with slightly more hydrophilic proteins 

at both 20C and 37C. The mean of GRAVY distributions range from -0.35 to -0.33. 

The most hydrophobic interactors with value 0.94 were at 20C. At elevated 

temperature the maximum hydrophobicity is only 0.62 (Table S2).  

pI values of the Hsp16’s interactors also differed from the ones of a total proteome, 

which are around 6.4 and 7.3, accordingly. The means of the molecular masses 

distributions were close to 70 kDa for both temperatures. The largest interactors are 

79 kDa, which is calculated for 20C pull-downs. The maximum for 37C is slightly 

lower – from 55 to 86 kDa.  
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Figure 2.10. Statistical analysis of the pIs, molecular masses (Mw) and GRAVY indexes of 

the Hsp16 interactome at 20C and 37C. The sequences were matched to the values and the 

meansof the distributions were calculated in Expasy and GRAVY calculator. The interactors of 

Hsp16s were compared to the proteome of C. elegans (DB, database). 
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sHsp families cooperate in vitro 
 

Hsp16s showed signs of cooperation with each other in vitro. In FRET SUX 

experiments subunit exchange between Hsp16s was observed. This was shown via 

disruption of FRET pair of Hsp16.2 by unlabelled Hsp16.1, Hsp16.41 or Hsp16.48. In 

addition, co-IP/MS analysis revealed many shared substrates of sHsp16s. 

Interestingly, protein-protein interaction mapping also revealed high abundance of 

another sHsp family – Hsp12s – specifically, Hsp12.1 and Hsp12.2. This led to the idea 

that sHsp12s may communicate with sHsp16s. To further investigate the interaction 

between Hsp16s and Hsp12s, they were analysed by FRET SUX. As FRET system, a pair 

of labelled Hsp16.2 proteins was used. To disrupt the Hsp16.2 FRET complex and 

follow the change in donor signal, an excess of unlabelled Hsp12.1 and Hsp12.2 was 

added so that the total protein concentration was 5µM. The change in signal was 

monitored at 555 nm excitation and 575 nm emission at 15°C (Figure 2.11).  

 

 

Figure 2.11. Interaction of Hsp16.2 with Hsp12 family members measured by FRET SUX. 
Subunit-exchange was measured by addition of 10-fold excess of unlabelled protein with a 
total concentration of proteins in the sample of 5 µM. The dissociation of a FRET pair complex 
was monitored by change in donor signal at 15°C for 30 min at 555 nm excitation and 575 nm 
emission wavelengths (left). The data was normalised to the exchange of labelled Hsp16.2 
with unlabelled Hsp16.2. The relative level of exchange of the FRET pair was plotted for each 
of the unlabelled protein (right) by normalizing the endpoint of exchange to Hsp16.2. The 
experiment was performed at least in triplicates, the mean values and the standard deviation 
are shown. Experiment was performed together with Katerina Slanska.  

 

Subunit-exchange experiment showed that Hsp16.2 cooperates with both Hsp12s. 

The level of exchange was the highest for Hsp12.2 with 62%±0.09 dissociation of the 
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complex, while level of exchange between Hsp16.2 and Hsp12.1 was notably lower 

at 49%±0.17. Such a relatively high level of exchange indicates that sHsp16s interact 

specifically with members of Hsp12 family. Further analysis of labelled Hsp16s with 

Hsp12s and vice versa are required.  

 

3. The in vivo role of sHsp16s  

 

To investigate the role of sHsp16 family in vivo, the deletion mutants were examined 

for phenotypes in combination with RNAi knockdown. First, the mutants VC475 

(Hsp16.2), tm1093 (Hsp16.41), tm1221 (Hsp16.1b/16.48b), and RB791 

(Hsp16.1a/16.48a) were tested for mutation via PCR genotyping (Figure 3.1, A) and 

then backcrossed to the wild type at least twice to eliminate presence of unwanted 

mutations in the background. The single worm of each mutant was lysed and its 

genomic DNA was used to confirm the presence of the mutation at the respective 

site (Figure 3.1, B).  
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Figure 3.1. Strategy of genotyping. Each mutant C. elegans strain was tested for the 

respective mutation by genotyping. A) an illustration of the expected DNA agarose gel for 

mutant and wild type strains. The forward, reverse and internal reverse PCR primers were 

designed for each mutation. B) 1% agarose DNA gels, the size of the DNA fragments expected 

for each mutant strain confirmed the carried mutation (red box).  

 

Each mutation was confirmed by PCR genotyping. The primers were designed to 

target Hsp16s upstream and downstream the respective gene of interest. In addition, 

one internal primer was designed to target the expected mutated region for each of 

the mutant strains (tm1221, RB791, tm1093 and VC475). In the wild type PCR, the 

internal primer, as well as upstream and downstream primers bind to gDNA, which 

results in two PCR products. In case of the mutant strain, internal primer would not 

target the missing region, which results in only one PCR product. In case of the 

tm1093, VC475 and RB791, the mutations were confirmed by PCR and matched the 

DNA gel scheme
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information provided by CGC (Caenorhabditis Genetics Center) and NBRP (National 

Bioresource Project) (Figure S2). The expected sizes of PCR products were 660 kb, 

573 kb and 580 kb for VC475, tm1093 and RB791, respectively.  

The tm1221 strain, however, was identified to carry mutation at the different 

position than stated in Wormbase and NBRP. The mutated region is stated to cover 

T27E4.9 (Hsp16.49) and T27E4.2 (Hsp16.11) genes (Figure 3.2, highlighted in yellow). 

For the simplicity, these two genes are referred in this study as Hsp16.48b and 

Hsp16.1b. The designed primers for T27E4.9 and T27E4.2 region indicated the 

presence of the genes in the gDNA of tm1221 strain. The further PCR analysis 

targeted two other copies of the genes (PCR product of 1100 kb long, Figure 3.1) and 

confirmed that the position of the mutation is actually upstream from the one stated 

by NBRP. PCR genotyping showed that the mutation covers Hsp16.48a (T27E4.3) and 

Hsp16.1a (T27E4.8) genes (Figure 3.1, highlighted in green).  

 

 

 

Figure 3.2. The position of the mutation for tm1221. The complex substitution is stated to 

cover T27E4.9 (Hsp16.49) and T27E4.2 (Hsp16.11) genes (yellow). The actual mutation 

position was confirmed by PCR genotyping (green) (adapted from WormBase) 
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Impact of sHsp16s on ageing and healthspan 

 

Mutant strains were analysed for lifespan compared to the wild type. As all available 

mutants do not cover all sHsp16s, RNAi knock-downs in combination with knock-out 

strains were used. The worms were grown on RNAi plates for the duration of their 

lifespan. The experiment was performed in two trials (Figure 3.3, A) with total 

amount of nematodes N = 1667. The average from two trials showed (Figure 3.3, B) 

a slight decrease in the mean lifespan of tm1093 (Hsp16.41) and VC475 (Hsp16.2) 

compared to the wild type. Other mutants showed a slight deviation from the mean 

lifespan of the wild type as well. In contrast, additional knock-downs of Hsp16.1 and 

Hsp16.48 genes showed a slight increase in the mean lifespan, as well as the crossed 

mutant (tm1093xRB791) that carries knock-out of Hsp16.41 and single copies of 

Hsp16.1 and Hsp16.48 genes. In general, the alteration of Hsp16s only moderately 

influenced the mean lifespan of the worms. The data should be interpreted carefully 

and more trials should be performed. 
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Figure 3.3. Effect of gene silencing on the mean lifespan in C. elegans. A) The survival curve 
represents the percent survival of each population with a respective combination of the gene 
knock-out and knock-down of Hsp16s at each time point. The assay was performed in two 

independent trials (left and right). Knock-out of the gene () and knock-down via RNAi (-) are 
indicated. B) The influence of the gene alteration on the mean lifespan value is visualised as 
a bar chart (right) from average of two independent trials. The combinations of the gene 
knock-out and knock-down are grouped as control (WT, wild type, in black), single (alteration 
of one gene, in blue), double (alteration of two genes, in green), triple (alteration of three 
genes, in yellow) and quadruple (alteration of four genes, in red). The standard deviations are 
estimated in OASIS2.  

 

During the assessment of the lifespan tm1093 showed alteration in its healthspan, 

which is life-limiting and, therefore, potentially affected the lifespan. It appeared that 

the strain developed age-related vulval integrity disorder, which is stated to be a 

marker of a nematode healthspan and associated with early death (Leiser et al, 2016). 

It is reported, however, that a high percentage of vulval protrusions in C. elegans 
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results from premature utilisation of FUdR (Floxuridine, 5'-fluorodeoxyuridine), 

which was also used in a current study. The chemical is often utilized to inhibit a 

reproductive cycle of adult worms and allows maintenance of synchronous worm 

populations (Mitchel et al., 1979; Gadhi et al., 1980; Rahman et al., 2020).  

Interestingly, that such abnormality occurred in tm1093 strain only (Figure 3.4), 

which means that such disorder might be influenced by the mutation in Hsp16.41 as 

well.  

 

 

 

 

Figure 3.4. Loss in vulva integrity in nematodes during ageing. Representative worm images 

showing wild type worm (N2, left) with no defects and mutant strain tm1093 with developed 

vulva-integrity defect during lifespan experiments.    

 

Worms exhibited different levels of protrusions, including level I, II and III (Leiser et 

al., 2016). In Figure 3.4 the level I is represented – herniated vulva. In addition, the 

size of the tm1093 nematodes that underwent protrusions was visually smaller 

compared to the wild type by day 9 of adulthood. In general, the most striking effect 

was noticed in the tm1093 mutant, which exhibited life-limiting age-associated 

pathology.  
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III. Discussion 
 

 

 

 

 

The small heat shock proteins are a ubiquitous family of molecular chaperones. They 

have evolved into a large group of 16 members in C. elegans. Six of them are 

combined in the Hsp16 family. Although the first mentions about the family were 

reported in 1985, to this time, little is known about them. In this study, I 

systematically investigated the structure and functions of the core Hsp16s (Hsp16.1, 

Hsp16.2, Hsp16.41 and Hsp14.48) in a comparative manner. Of special interest was 

homology of up to 93% between the family members. The findings of the study were 

aimed on answering the central question – what is the necessity to have a family of 

highly homologous chaperones in C. elegans?   

 

Functional plasticity of Hsp16s is dictated by temperature 

 

This study presents evidence of a high promiscuity of the Hsp16s towards their 

substrates. The sequence features of the Hsp16s allow them to explore a broad range 

of interaction partners. As duplicated genes that have arose in response to stress are 

usually preserved as a form of adaptivity (Cao et al., 2022), the genomic organisation 

and duplication of Hsp16s support this statement.  

From co-IP/MS analysis it is evident that the interactions of the Hsp16s with the 

substrates are dictated by a temperature. The overlap of the protein interactors for 

the same Hsp16 is only 20% (Figure 2.3). For example, for Hsp16.1, in total 753 hits 

were found at 20°C and 37°C with only 165 of them were shared, while other 588 

were split between the two pull-downs. Moreover, the correlation between protein-
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protein interactors of non-homologous Hsp16s at the same temperature was more 

pronounced (r = 0.85-0.86) than between the interactors of the same chaperone at 

the same temperature (r = 0.56 – 0.59) (Figure 2.6, Figure 2.7).  

The proteomics findings suggest that Hsp16s exhibit a functional plasticity at 

different temperatures, thus Hsp16s can adapt their chaperone function depending 

on the temperature of the environment. At the same time, an activation of their 

chaperone function is independent of a temperature. Chaperone assays with insulin 

support this conclusion as Hsp16.1 and Hsp16.2 showed a high activity not only at 

37°C but also at 15°C (Figure 1.10 and Figure 1.12). As the results confidently indicate 

that these two Hsp16s are the temperature-independent chaperones, this raises the 

question whether Hsp16s need other types of activation. In the case of the 

homologous Hsp16.41 and Hsp16.48 this might be the case, since they both showed 

no evident holdase activity with the tested substrates. Instead, they rather promoted 

an aggregation of the substrates, which could be an indication of the aggregase 

activity, like the one of the Hsp42 in yeast (Mogk and Bukau, 2017).  

 

Protein-protein interaction network  
 

All Hsp16s were linked by their common interaction partners. In total, between 397 

to 477 interactors were identified for each Hsp16 at 20°C and 37°C, many of which 

were shared between the chaperones. Notably, the temperature factor shaped the 

PPI networks of Hsp16 family differently (Figure 3.1 and Figure 3.2). Analysis of the 

interaction maps at the given temperatures revealed differences in the interactors 

when searched for the greatest number of a certain protein family. In particular, at 

20°C Hsp16s were associated with five members of the sHsp class – Hsp12.1, Hsp12.2, 

Hsp25, Hsp17 and Sip1 (Figure 3.1, in red). In the 37°C pull-downs Sip1 was not 

identified among the interactors, potentially because it is reported to be a crucial 

player itself in the heat shock survival of adult C. elegans (Fleckenstein et al., 2015). 

In addition, at 20°C a group of the stress response proteins interactors daf-21 (Hsp90 

ortholog) and its co-chaperones Sti1 and Nud1, as well as a family of Hsp40s (dnj-8, 

dnj-11, dnj-16, dnj-25) is identified. At 37°C, however, only one DnaJ protein was 
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identified – dnj-16. At 37°C, Hsp16s shifted their interaction network from stress 

response proteins to other targets.  

Another change in the PPI network of the Hsp16s is the ATG family, which consists of 

proteins involved in autophagy. While atg-4.1 was identified at 37°C, several 

members, including atg-2, atg-7, atg-16.1, atg-16.2 and atg-18, were identified at 

20°C. Additionally, the Hsp40s and Hsp70s are reported to be involved in chaperone-

mediated autophagy (Agarraberes and Dice, 2001; Venugopal et al., 2008; Kaushik 

and Cuervo, 2019). Although ATG proteins and Hsps are involved in the separate 

cascades of autophagy, this may be an evidence that they intersect. For example, 

ATG8 was reported to co-immunoprecipitate with different Hsp classes in plants 

(Sedaghatmehr et al., 2019). As several Hsp40 proteins were identified among 

Hsp16s’ interactors, Hsp16s might not directly interact with autophagy-related 

proteins but stabilise autophagy clients. Nonetheless, the reason for the difference 

between the PPI network at 20°C and 37°C in regards of ATG interactors is yet elusive.  

Interestingly, Hsp16s interact with four muscle-related components (myo-1, myo-2, 

myo-5 and myo-6) only at 20°C. The presence of these interactors is not surprising, 

as sHsps were reported to participate in the crucial steps of muscle differentiation 

(Sugiyama et al., 2000; Singh et al., 2010; Middleton and Shelden, 2013). According 

to the recent findings, Dr. Benesch proposed that apart from canonical functions, 

sHsps may also interact with mechanosensitice proteins to affect contraction and 

extensions (Carra et al., 2019). However, the absence of the MYO proteins hits in 37°C 

pull-downs of Hsp16s is surprising.  

Several tRNA synthetases, such as sars-1, sars-2, dars-2, gars-1 were identified at 

20C (Figure 3.1), while only one members of this family, sars-2 was in 37C pull-

downs (Figure 3.2). It is known that under heat stress, tRNA synthetases can group in 

a complex and act along with a chaperone system (Riback et al., 2015), which would 

explain the lack of interaction between them and Hsp16s at 37C.  
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Figure 3.1. Protein-protein interaction map of Hsp16s at 20°C. The interactors of interest are 

highlighted in different colours, Hsps in red, Unc group in green, Atg group in blue, Daf group 

in purple, Dnj - in blue, others - in grey. The network was built in Cytoscape based on the list 

of the significant interactors obtained after down-stream processing of the co-IP/MS data. 
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Figure 3.2. Protein-protein interaction map of Hsp16s at 37°C. The interactors of interest are 

highlighted in different colours, Hsps in red, Unc group in green, Atg group in blue, Daf group 

in purple, Dnj - in blue, others - in grey. The network was built in Cytoscape based on the list 

of the significant interactors obtained after down-stream processing of the co-IP/MS data.  



 
 

 

- 103 - 

Top-15 interactors 
 

The factor of temperature has also shaped the top-15 interactors of Hsp16s. Several 

hits were identified at 20°C or 37°C exclusively for all Hsp16s (Table 3.1). The hits 

identified solely at 20°C for all Hsp16s are hum-6, Hsp17 and C05D12.3, which are 

related to microfilament motor activity, stress response and potentially cell adhesion, 

respectively (Baker and Titus, 1997; Iburg et al., 2020; Whittaker and Hynes, 2002). 

Exclusive for 37°C pull-downs spd-5, unc-26, raga-1, mig-2, sel-11 and CELE_F25E2.2 

were identified as the top-15 interactors. All of them are involved in different cellular 

processes and localised differently in the cell, including cytoplasm, nucleus, and 

lysosome (WormBase). Although these interactors are functionally different, the 

temperature factor has shaped their presence among the top-15 interactors of all 

Hsp16s specifically at 37°C. 

Table 3.1 Comparison of the top-15 interactors of Hsp16 family. The proteins identified at 

20°C only (blue) and at 37°C (pink) for all Hsp16s are highlighted, as well as the common 

interactor found in all pull-downs (black).  

Hsp16.1  
 20°C 

Hsp16.1 
37°C 

Hsp16.2 
20°C 

Hsp16.2 
37°C 

Hsp16.4
1 

20°C 

Hsp16.4
1 

37°C 

Hsp16.4
8 

20°C 

Hsp16.48 
37°C 

gene name 

Hsp16.2 Hsp16.2 Hsp16.2 Hsp16.2 Hsp16.4
1 

Hsp16.4
1 

Hsp16.4
8 

Hsp16.4
8 

Hsp16.1 Hsp16.1 spe-5 Hsp12.1 CELE_F1
1D5.1 

Hsp12.1 Hsp16.4
1 

Hsp16.4
1 

Hsp12.1 Hsp12.1 CELE_F11
D5.1 

unc-26 hum-6 epg-7 Hsp16.2 Hsp16.1 

CELE_F1
1D5.1 

spd-5 CELE_F57
G4.1 

CELE_F5
7G4.1 

spe-5 unc-26 spe-5 Hsp12.1 

Hsp17 mlc-2 Hsp12.1 sel-11 Hsp17 CELE_F1
1D5.1 

hum-6 unc-26 

skih-2 tost-1 hum-6 spd-5 ctsa-1.2 mlc-2 Hsp12.1 Hsp16.2 

C05D12
.3 

unc-26 epg-7 CELE_F1
1D5.1 

F37H8.5 raga-1 ctsa-1.2 spd-5 

CELE_F4
3G6.8 

CELE_F11
D5.1 

tost-1 tost-1 Hsp12.1 imp-2 C05D12
.3 

sel-11 

tost-1 CELE_Y54F
10AM.5 

ttc-37 trpp-6 sql-1 pes-2.1 F37H8.5 sql-1 

hum-6 raga-1 C05D12.3 CELE_H0
5L14.2 

cdd-1 sel-11 CELE_R
03E9.2 

CELE_F2
5E2.2 

ttc-37 mig-2 Hsp17 C29F3.7 Hsp16.2 mig-2 Hsp16.1 CELE_H0
5L14.2 
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Hsp16.1  
 20°C 

Hsp16.1 
37°C 

Hsp16.2 
20°C 

Hsp16.2 
37°C 

Hsp16.4
1 

20°C 

Hsp16.4
1 

37°C 

Hsp16.4
8 

20°C 

Hsp16.48 
37°C 

pes-2.1 sel-11 cdd-1 epg-7 ctf-4 C29F3.7 Hsp17 raga-1 
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Interestingly, Hsp12.1 was found among the top-15 interactors independently of the 

temperature. This interaction seems particularly unique, which is why this 

encouraged us to investigate this interaction between Hsp16 family and Hsp12s with 

subunit-exchange experiment.  

 

Interactors and their biological processes  
 

Gene ontology (GO) annotation (Bindea et al., 2009; Carbon et al., 2021) by biological 

process (BP) underlines the functional ubiquity of Hsp16s at both temperatures 

(Figure 3.3). The Hsp16s interaction partners are involved in various biological 

processes. The most represented group at both temperatures are proteins that are 

involved in the “metabolic processes”, including organonitrogen at 20°C and 37°C and 

organophosphate metabolic processes at 37°C. These include such processes like 

catabolism, anabolism, DNA repair, protein synthesis and degradation (Carbon et al., 

2021). At this point the similarity between the pull-downs is decreasing.  

A large group of interactors identified at 20°C is allocated to “signal transduction”, 

which at 37°C has transformed to a “response to stimulus” group. Both BPs start from 

the process that initiates a cascade of the molecular events, which end with a change 

of a cell activity. However, signal transduction is initiated by the molecular events, 

such as ligand binding, whereas response to stimulus is a reaction to an 

environmental influence, such as temperature, electricity, or another organism.  

A group of interactors involved in vesicle-mediate transport was represented more 

at 20°C than at 37°C. Whereas, the second large group of interactors at 37°C was 
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“establishment of localisation in cell”, that is not represented at 20°C. Those 

interactors are involved in a direct movement of a substance to a specific location in 

a cell, while during vesicle-mediated transport the substance is firstly coated in the 

vesicle. Although it is self-evident, the temperature has contributed to the shift from 

one group of interactors to another. Interestingly, Hsp-16.1 was reported to localise 

to the Golgi to tolerate heat stroke and act together with pmr-1 to maintain Ca2+ 

homeostasis (Kourtis et al, 2012). Although current analysis showed no direct 

interaction between Hsp16.1 and pmr-1, interaction with several transport proteins 

that are responsible for transport to the Golgi, such as Trpp-6, was confirmed.  

The largest groups of interactors at 20°C were those involved in organelle 

organisation, cellular catabolic processes as well as organismal development and 

reproduction. In contrast, those groups were slightly underrepresented at 37°C, 

especially organelle organisation and catabolic processes. The organelle organisation 

process identified at 20°C correlates well with the identified vesicle-mediated 

transport process, as both imply an involvement of the vesicles.  
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Figure 3.3. Gene ontology terms by biological process for interactors of Hsp16s. The groups 

for 20C (top) and 37C (bottom) are illustrated. The GO terms were searched and visualised 
in Cytoscape. 
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With this, it is suggested that temperature underlies the shift of the PPI network. The 

total interactors of Hsp16s are different but there is an evident temperature-

dependent pattern among the top-15 interactors that are present in the pull-downs 

of all Hsp16s. They may exhibit multiple functions depending on the tissue or cell they 

are expressed as well as environment conditions. In addition, the interactomes 

showed potential additional functions of Hsp16s that can be targeted in future 

experiments.  

 

The chaperone activity of the Hsp16s is temperature 

independent  

 

In addition to shaping the type of interactors, often temperature is a key factor in 

regulating chaperone activity, like in the case of yeast Hsp26 or human αA- and αB-

crystallins (Haslbeck et al., 1999; Reddy et al., 2000). Usually, temperature induces a 

dissociation of Hsp oligomers into smaller species, which is typically the active form 

of sHsps (Haslbeck et al., 2019). Nonetheless, the TEM micrographs of Hsp16.1 and 

Hsp16.2 (Figure 1.13, Figure 1.14) indicate that the chaperones exhibit holdase 

activity without visible dissociation into the smaller species. This may be beneficial 

for a cell to rapidly respond to a stress and subsequent protein unfolding.   

The other factors that can modulate chaperone activity include pH and post-

translational modifications (PTMs). It has been found that chaperone activity of the 

Hsp16s is not improved by changes in pH, like in the case of their closely related sHsp 

- Sip1 (Fleckenstein, 2014; Fleckenstein et al., 2015). In the case of Hsp26, its activity 

at the permissive temperature is regulated by phosphorylation (Mühlhofer et al., 

2021). Yet, no evidence of PTMs regulation of Hsp16s’ chaperone activity was 

reported. Although phosphorylation is a fundamental mechanism in C. elegans, 

especially the IIS pathway (Murphy and Hu, 2013), the number of the identified 

phosphorylation sites in the nematode is only 15 443, while over 119 000 sites were 

identified in human (Li et al., 2021). By taking advantage of the proteomics, influence 

of PTMs can be revealed. Bottom-up MS approaches allow to identify the sites of 
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PTMs in proteins (Larsen et al., 2006; Sinha and Mann, 2020). In addition, by using an 

in vivo model to investigate the chaperone function of Hsp16.41 and Hsp16.48, we 

can be confident that the conclusion regarding their aggregase activity is correct. For 

example, the protein lysates from worms can be used to examine the fraction of 

these chaperones in the insoluble fraction. 

 

Hsp16s communicate with each other and two Hsp12 members 

 

Another source of modulation of the chaperone activity are the interactions between 

molecular chaperones. Indeed, they do not exist in isolation, like Hsp70 functions 

with the Hsp40 family or Hsp90 with its co-chaperones (Laufen et al., 1999; Johnson 

and Brown, 2009; Frumkin et al., 2014; Nillegoda et al., 2015). The sequence 

homology of Hsp16s motivated us to investigate the interaction between the Hsp16 

members.  

The HPLC, SEC-MALS and AUC assays demonstrate the presence of large oligomer 

species of the Hsp16s. The chaperones form heterogeneous and large oligomers of 

420-700 kDa consisting numerous subunits (Fig. 1.7-1.9). With this, a large proportion 

of oligomers (up to 48%) was ascribed to the variable in size smaller species (Figure 

1.9). Such heterogeneity implies that Hsp16s are dynamic, thus, may exchange 

subunits and affect activity of each other. Subunit-exchange assays confirmed that 

Hsp16s communicate by exchanging subunits in vitro (Figure 1.19). The interaction 

between homologous Hsp16.1 and Hsp16.2 was the most pronounced (56%). The 

interaction between Hsp16.2 and the non-homologous to it Hsp16.41 or Hsp16.48 

was less prominent (38% and 30%, respectively), as expected. In this case, the 

subunit-exchange between Hsp16s looks like a homology-based interaction. 

Hochberg and colleagues (2018) showed that two duplicated plant sHsps tend to 

assemble into homo-oligomers, avoiding co-assembly. In the case of Hsp16s, it seems 

that the most homologous of them tend to co-assemble (Hsp16.1 with Hsp16.2). As 

hsp40s cooperate with hsp70 in a form of an interactive flexible network (Kirstein et 

al., 2017), the sHsp16s cooperate with each other.  
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Proteomic data revealed two members of Hsp12 family among the interactors of 

Hsp16s at 20°C and 37°C. Hsp12.1 was among the top-15 interactors of all Hsp16s at 

both temperatures. Due to such a high abundance of Hsp12 proteins compared to 

other interactors, the interaction between Hsp16s and Hsp12s was investigated in 

more details. The results of the subunit-exchange assay show that Hsp16.2 exchange 

subunits with Hsp12.1 and Hsp12.2 in vitro, however, the mechanisms behind this 

interaction are elusive. Dr. Benesch and Dr. E. Vierling state that interaction between 

sHsps may drive the functional evolution (Carra et al., 2019).  

The possible scenario (Figure 3.4) involves the formation of hetero-oligomers 

between Hsp16s and Hsp12.1 or Hsp12.2 as a functional cooperation. Alternatively, 

Hsp12s may not function together with Hsp16s as a very little chaperone activity for 

Hsp12s was reported (Kokke et al., 1998; Fu et al., 2021). Instead, Hsp12s may 

modulate activity of Hsp16s. The nature of the relationship between these two 

families should be further studied via subunit-exchange assay. In addition, it would 

be advantageous to examine the chaperone activity of Hsp16s in the presence of 

Hsp12s. In total, the results unravelled a potential evolutionary advantage of the 

divergence of Hsp16s and subsequent cooperation between Hsp16s and two 

members of Hsp12 family.  

 

Figure 3.4. An illustration of the mechanisms of the interaction between Hsp16s and 
Hsp12s. A proposed scheme of the interaction between Hsp16.2 and other Hsp16s 
(on the top). Hsp12.1 and Hsp12.2 interact with Hsp16.2 (on the bottom). In both 
cases it is proposed that chaperones form hetero-oligomers. Illustrated in BioRender.  
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Pairwise homology of Hsp16s is reflected in their structure and 

functions 

 

A homology of up to 93% between Hsp16.1 and Hsp16.2 or Hsp16.41 and Hsp16.48 

is a striking feature of Hsp16s. Heterogeneity of the Hsp16s, as well as the chaperone 

activity or their protein interactome are similar between the homologous proteins 

(Hsp16.1/Hsp16.2 or Hsp16.41/Hsp16.48). The pattern of homology is seen 

throughout the assays. For example, a size distribution of the Hsp16s oligomers was 

similar for homologous proteins (Figure 1.9). Proportion of the large oligomer species 

for Hsp16.1 and Hsp16.2 was 84 - 90%, while Hsp16.41 and Hsp16.48 have 52 - 53% 

of species allocated to the group of large oligomers. HDX analysis supported the 

structural homology of the Hsp16s. Hsp16.1/Hsp16.2 exhibit same flexibility 

patterns, rigidity in the ACD and flexibility in the CTR (Figure 1.17, A and B). In 

contrast, both Hsp16.41 and Hsp16.48 were more flexible in the ACDs and slightly 

more rigid in the NTRs compared to Hsp16.1/Hsp16.2 pair (Figure 1.17, C and D). 

Although deviation in the amino acid content of each homologous pair introduced 

some structural differences, the general flexibility patterns of each pair remain 

similar. 

Moreover, chaperone activity assays support the similar pair-wise behaviour of the 

Hsp16s. Hsp16.1 and Hsp16.2 show holdase activity towards CS, MDH and insulin at 

both permissive and elevated temperature. In contrast, Hsp16.41 and Hsp16.48 

showed a similar aggregase behaviour towards tested substrates. In addition, the 

correlation between the interactomes of homologous proteins was higher than 

between non-homologous ones (Figure 2.5 and Figure 2.6). Furthermore, the subunit 

exchange was the most pronounced also between the homologous Hsp16.2 and 

Hsp16.1.  

The high sequence identity and origin from the same ancestor have shaped the 

structural and functional features of the Hsp16s. It was reported that homologues 

tend to have similar or even shared biological functions. It was found that PPIs of a 

known protein can be transferred to its homologue when two proteins share over 

80% of joint sequence identity (Yu et al., 2004). As we proved the communication of 
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Hsp16s in vitro, it is of high interest to investigate their homologous behaviour in an 

in vivo model.  

It is reported that RNAi knock-down of Hsp16.1 and Hsp16.48 shortened the lifespan 

of a long-lived daf-2 mutant (Hsu et al., 2003). In this study, combination of knock-

down and knock-out of the Hsp16s showed a very little influence on the lifespan. To 

investigate the cooperative roles of Hsp16s in the genetic background of daf-2 (or 

other IIS proteins) mutant may be advantageous as well as application of a stress.  

 

Conclusion  
 

The Hsp16 family of molecular chaperones have evolved into a large group of 

homologous proteins. We state that based on the sequence homology, and, as shown 

in this study, functional and structural homology, Hsp16s are divided into 

homologous pairs Hsp16.1/Hsp16.2 and Hsp16.41/Hsp16.48. Diversification and 

expansion of the Hsp16 family have also expanded their PPI map. A measurement of 

Hsp16s PPIs provides an in-depth view of the composition of their interactome, which 

is shaped by the temperature. At the same time, the chaperone activity of the Hsp16s 

is temperature-independent. Moreover, Hsp16.1 and Hsp16.2 exhibit a chaperone 

activity without dissociating into smaller species. In addition to a large interaction 

network, Hsp16s also communicate with each other in the cell. Such feature may 

contribute to the cytoprotective function of the Hsp16s. In total, this study provides 

an in-depth characterisation of the structure and functions of the Hsp16s in a 

comparative manner with a special interest in the homology of these proteins.  
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IV. Materials and Methods 

 

 

Materials  

 

Primers 
 

Table 4.1. The list of primers generated in current work. 

Name Sequence Provider Purpose  

L4440 Fwd #8 TGTAAAACGACGGCCAGT Eurofins  RNAi  

L4440 Rev #10 AGCGAGTCAGTGAGCGAG Eurofins RNAi 

VC475 Fwd 
AH #14 

CTTTTCCATGTACCGAATGTG 
 

Eurofins Genotyping 
VC475 

VC475 IntRev 
AH #15 

CTTCTTTCTTTGGCGCTTC 
 

Eurofins Genotyping 
VC475 

VC475 Rev AH 
#16 

TCCGGGAAATTAATATCTGGC 
 

Eurofins Genotyping 
VC475 

Int Fwd Uni 
16.11 #40 

AAGATCTATTCCAATTCAGCAAGCGC 
 

Eurofins Genotyping 
tm1221 

Fwd 16.1 copy 
#42 

TTTAACAGGGACTCCTACGGCAAC 
 

Eurofins Genotyping 
tm1221 

Rev 16.1 copy 
#43 

GCAGTTGATCAACACAGTTGTGAG 
 

Eurofins Genotyping 
tm1221 

Hsp16.41 Fwd 
#47 

CAACACGCTTTGTTCTAGTGCATC 
 

Eurofins Genotyping 
tm1093 

Hsp16.41 Rev 
#49 

CTTGCCGCCCACTTCTGGTAT 
 

Eurofins Genotyping 
tm1093 

Hsp16.41 
IntRev opt 
#50 

GACAGAAGGTAAATCAGCATCTTCTGG 
 

Eurofins Genotyping 
tm1093 

Hsp16.48 Fwd 
#44 

CATGGAATGGGTGTACGAGTGTCC 
 

Eurofins Genotyping 
RB791 

Hsp16.48 
IntRev #45 

CAGAAAATGGAGAACGGAGCATGAGC 
 

Eurofins Genotyping 
RB791 

Hsp16.48 Rev 
#46 

CCCTGTAGAAGTTGCACGCACTG 
 

Eurofins Genotyping 
RB791 
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Plasmids and RNAi vectors 
 

Table 4.2. The list of plasmids and RNAi vectors used in this work. 

Plasmid name Resistance Provider Comment 

pET-21a(+) Amp Novagen Insert: Hsp16s were cloned via 
NdeI / XhoI with STOP, no C-
terminal Tag 

L4440 Amp Julie Ahringer's group 
at The Wellcome CRC 
Institute 

Inserts: Hsp16s 

 

Strains  
 

Table 4.3. The list of the bacterial and worm strains used in this work 

Name Organism  Genotype Provider 

JM109(DE3) E. coli endA1, recA1, gyrA96, thi, hsdR17 (rk–
, mk+), relA1, supE44, λ-, Δ(lac–
proAB), [F’ traD36, proAB, 
laqIqZΔM15], IDE3 

Novagen 

Shuffle E. coli fhuA2 lacZ::T7 gene1 [lon] ompT ahpC 
gal λatt::pNEB3-r1-cDsbC (SpecR, 
lacIq) ΔtrxB sulA11 R(mcr-
73::miniTn10--TetS)2 [dcm] R(zgb-
210::Tn10 --TetS) endA1 Δgor Δ(mcrC-
mrr)114::IS10 

NEB 

BL21 DE3 
CodonPlus-RIL 

E. coli F– ompT hsdS(rB- mB-) dcm+ TetR gal 
λ(DE3) endA Hte 
[argU ileY leuW CamR] 

Stratagene 

HT115 DE3 E. coli E. coli [F-, mcrA, mcrB, IN(rrnD-rrnE)1, 
rnc14::Tn10(DE3 lysogen: lacUV5 
promoter -T7 polymerase] 

CGC 

OP50 E. coli Uracil auxotroph CGC 

XL1 Blue E. coli recA1 endA1 gyrA96 thi-1 hsdR17 
supE44 relA1 lac [F proAB lacIqZΔM15 
Tn10 (Tetr)] 

Agilent 

N2 (WT) C. elegans C. elegans wild isolate CGC 

tm1221 C. elegans 26615/26616-C-27604/27605 (989 bp 
deletion) V 

NBPR 

tm1093 C. elegans 4185/4186-CTTTCAAATGATT-
4457/4458 (272 bp deletion + 13 bp 
insertion) 

NBPR 

VC475 C. elegans Hsp16.2(gk249) V CGC 

RB791 C. elegans Hsp16.48(ok577) V CGC 
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Chemicals 
 

Table 4.4. The list of the chemical that were used in this work. 

Chemical Provider  

2-Mercaptoethanol (β-ME) Sigma 

Acetic acid Roth 

Acetonitrile Sigma 

Acrylamide/Bis solution 38:2 (40% w:v) Serva 

Agar Agar Serva 

Agarose Serva 

Ammonium persulfate (APS) Roth 

Ampicillin sodium salt Roth 

Calcium chloride Merck 

Citric acid monohydrate Merck 

Cholesterol Sigma  

Coomassie Brilliant Blue R-250 Serva 

Coomassie Quick Stain Serva 

Deoxynucleoside triphosphates (dNTPs) Roche 

Dimethyl sulfoxide (DMSO) Sigma 

Dipotassium phosphate  Merck  

Disodium phosphate Roth 

Dithiothreitol (DTT) Roth 

Ethanol Merck 

Ethylenediaminetetraacetic acid (EDTA) Merck 

Formic acid Sigma 

Glycerol Roth 

Glycin Roth  

Guanidine hydrochloride Roth 

Hydrochlorid acid 32 %  Merck 

Iodoacetamide Merck 

Isopropanol Roth 

Isopropyl β-d-1-thiogalactopyranoside (IPTG) Serva 

LB medium Serva 

Magnesium chloride Merck 

Magnesium sulfate Sigma 

Methanol  Sigma 

Milk powder  Roth  

Monopotassium phosphate  Merck 

N,N,N',N'-Tetramethylethylendiamine (TEMED) Roth 

Nonidet P-40 substitute Sigma 

Peptone BD 

Phenylmethanesulfonyl fluoride (PMSF)  Sigma 

Potassium chloride  Roth  

Potassium hydroxide  Roth  

Protease inhibitor Mix HP, G Serva 

Sodium acetate  Roth 

Sodium chloride  Roth 
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Chemical Provider  

Sodium deoxycholate  Merck 

Sodium dodecylsulfate (SDS)  Serva 

Sodium hydroxide  Roth 

TCEP Sigma  

Trifluoroacetic acid  Sigma 

Trizma Base  Sigma 

Triton X-100  Merck 

Tween-20  Merck 

Uranyl acetate Sigma  

Urea Merck 

Water (MS) Merck 

WesternBright™ ECL-Spray  Advansta  

 

Kits, enzymes and standards  
 

Table 4.5. The list of the kits, enzymes and standards (protein and DNA) used in current 

work. 

Product name Provider 

100 bp DNA ladder  NEB 

1 kb DNA ladder  NEB  

Gel Filtration Standard  BioRad  

Lmw SDS PAGE standard test mixture 6 Serva  

Dual color protein standard  Serva  

PierceTM BCA Protein Assay Kit Thermo Scientific 

WizardR Plus SV Minipreps DNA Purification System Promega 

Trypsin (Sequencing Grade Modified Trypsin) Promega 

PolyQ DNA polymerase NEB 
 

Antibodies  
 

Table 4.6. The list of the antibodies used in this work in western blot and co-

immunoprecipitation. 

Antibody Host Provider  

anti-Hsp16.2 mouse Pineda 

anti-Hsp16.41 rabbit Pineda 

anti-Hsp16.48 rabbit Pineda 

anti-rabbit IgG- Peroxidase goat Sigma- Aldrich 

anti-mouse IgG-Peroxidase rabbit Sigma- Aldrich 
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Substrate proteins 
 

 Malate dehydrogenase (MDH) from pig heart mitochondria, Roche 

 Citrate synthase (CS), Sigma 

 Insulin drom bovine pancreas, Sigma 

 

Equipment  
 

Table 4.7. The list of the devices that were used in this work. 

Name of the device Provider  

ÄKTA FPLC P-920 GE Healthcare 

ÄKTA PURE GE Healthcare 

Amicon Bioseparations Stirred Cells EMD Millipore 

Bead Mill MM400 Retsch 

Cell Disruption Apparatus Basic Z Constant Systems 

Centrifuge Avanti J25 and J26 XP  Beckman Coulter 

Centrifuge Optima XL-I Beckman Coulter 

Centrifuge Rotina 420R Hettich 

Centrifuge Tabletop centrifuge 5415 C Eppendorf 

Centrifuge Tabletop centrifuge 5418 Eppendorf 

Chirascan™ - Circular Dichroism 
Spectrometer 

Applied PhotoPhysics 

Gel electrophoresis and blotting devices Hoefer 

Glass slides Marienfeld 

Homogeniser Ultra Turrax DIAX900 Heidolph 

HPLC system Shimadzu 

Ice machine Ziegra 

ImageQuant LAS4000 system GE Healthcare 

Incubator mytrom/New Brunswick 
Scientific 

Magnetic stirrer Heidolph Hei-Standard Heidolph 

MALS detector Dawn Heleos II MALS 
detector 

Wyatt 

Microscope Stemi 2000 with a CL1500 
Eco cold light source 

Zeiss 

Orbitrap Fusion Mass Spectrometer ThermoFisher Scientific 

pH meter WTW 

Pherastar plate reader BMG Labtech 

Pipettes (2.5, 10, 20, 200, 1000, 5000 μl) Eppendorf 

Rotator SB3 Stuart 

SavantTM DNA120 SpeedVacTM 
Concentrator 

ThermoFisher Scientific 
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Name of the device Provider  

Scales SI-234 Denver Instrument 

Scales SI-4002 Denver Instrument 

SDS-PAGE Running Chamber Serva 

Superloop GE Healthcare 

Thermomixer comfort, compact Eppendorf 

Typhoon Scanner GE Healthcare 

Ultrasonic cleaner USC-T VWR 

Ultrospec 1100 pro spectrometer Amersham Biosciences 

UV-Vis spectrophotometer 
NanoDrop1000 

Peqlab 

Varian Cary 50 Bio spectrometer Agilent 

Vortex Genie 2 Scientific Industries 

Western Blotting Apparatus Fasblot B34 Biometra 

 

 

Consumables  
 

Table 4.8. The list of the consumables used in this work. 

Name Provider 

200-mesh copper grids Merck 

Amicon Ultra‐15 centrifugal filter units Merck 

Blotting paper Whatmann 

Centrifuge Filter, 0.22 μm Merck 

Chromacol Closures, 9mm, white Silicone/Red PTFE ThermoFisher Scientific 

Chromacol vials, 9mm, Polypropylene, 300 μl ThermoFisher Scientific 

Cuvettes Brand 

Dialysis membranes Spectra/Por Spectrum Laboratories 

Empore C18 extraction discs ThermoFisher Scientific 

Glass pasteur pipettes Labsolute 

Nitrocellulose Membrane Roti® NC Roth 

Parafilm Roth 

PCR tubes BioRad Laboratories 

Petri dishes Greiner Bio One 

Pipette tips Eppendorf 

Protein G Sepharose 4 Fast Flow GE Healthcare 

Protein LoBind tubes  Eppenforf 

Q Sepharose Fast Flow GE Healthcare 

Reaction tubes, 0.5, 1.5 mL and 2 mL Sarstedt 

Serological pipettes 1 mL, 2 mL, 5 mL, 10 mL, 15 mL Sarstedt 

SP Sepharose Fast Flow GE Healthcare 

Superdex 200 26/60 GE Healthcare 
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Name Provider 

Superdex 200 6/60 GE Healthcare 

Superdex 75 16/60 GE Healthcare 

Superdex75 26/60 GE Healthcare 

Ultracel Ultrafiltration disc 3 kDa NMWL Millipore 

Xpress Micro Dialyzer MD300 Scienova 

 

 

Software and online resources  
 

Origin lab     version 2018b, TUM license  

PyMOL Schrodinger, LLC  http://pymol.sourceforge.net/ 

GdmCl] and [Urea] Calculator  http://sosnick.uchicago.edu/gdmcl.html 

ExPASy Prot Param tool  http://web.expasy.org/protparam/ 

CLUSTAL W2    http://www.clustal.org/ 

BLAST     http://blast.ncbi.nlm.nih.gov/Blast.cgi 

PDB      http://www.rcsb.org/pdb/home/home.do 
PubMed    http://www.ncbi.nlm.nih.gov/pubmed 

SnapGene Viewer    www.snapgene.com 

New England Biolabs Tm Calculator https://tmcalculator.neb.com  
Astra     Wyatt 

MaxQuant    Cox et al., 2011 

Perseus    Sinitcyn et al., 2018  

Cytoscape    v. 3.9.1, https://cytoscape.org/ 

Deuteros                                                  https://github.com/andymlau/Deuteros 

Sedfit      https://sedfitsedphat.github.io/ 

BestSel     https://bestsel.elte.hu/extcoeff.php 

Adobe Illustrator    Adobe Inc. 

UniProt    www.uniprot.org 

Wormbase    https://wormbase.org/#012-34-5 

WormBook    http://www.wormbook.org/ 

Jalview     https://www.jalview.org/ 
 

 

  

http://pymol.sourceforge.net/
http://sosnick.uchicago.edu/gdmcl.html
http://web.expasy.org/protparam/
http://www.clustal.org/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.rcsb.org/pdb/home/home.do
http://www.ncbi.nlm.nih.gov/pubmed
http://www.snapgene.com/
https://tmcalculator.neb.com/
https://cytoscape.org/
https://github.com/andymlau/Deuteros
https://sedfitsedphat.github.io/
https://bestsel.elte.hu/extcoeff.php
http://www.uniprot.org/
https://wormbase.org/#012-34-5
http://www.wormbook.org/
https://www.jalview.org/
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Methods 

 

Molecular biology 

 

Transformation of bacterial cells 
 

50μL of chemically competent E. coli cells were thawed on ice. 1μL of DNA was added 

and cells were incubated on ice for 15min. Afterwards, the cells were heat shocked 

at 42C for 10sec and incubated on ice for 5min. then 950μL of LB-medium were 

added and cells were further incubated for 60min at 37C while shaking at 300rpm. 

After incubation, 100μL of transformed cells were plated out on a selection plate 

(Ampicillin, 100 μg/mL) and incubated overnight at 37C.  

Minipreps for DNA isolation 
 

Bacterial plasmid DNA was isolated via WizardR Plus SV DNA Purification System 

(Promega) was used according to the manufacturer’s manuals. The DNA was usually 

eluted in 20 μL of pre-warmed nuclease free water and stored at -20C.  

Polymerase chain reaction (PCR) 
   

Polymerase chain reaction (PCR) was used to amplify DNA fragments. DNA template 

was amplified by DNA polymerase (NEB) (Taq polymerase). Two primers were 

designed and ordered from Eurofins. The annealing temperature was calculated in 

SnapGene or NEB Tm Calculator (NEB). dNTPs (nucleotides of bases A, T, G and C) 

were added to the reaction as well as DNA template. The pipetting scheme is given 

in Table 4.9. The reaction was carried in a thermal cycler under the conditions 

described in Table 4.10.  
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Table 4.9. Pipetting scheme of Master Mix for PCR reaction. The Master Mixes were 

prepared in access for N+1 reactions. 

 Volume 

Primer Fwd 0.8 μL 
Primer Rev 0.8 μL 
10mM dNTPs 0.5 μL 
Polymerase buffer 2 μL 
Polymerase 0.2 μL 
ddH2O 14.7 μL 
DNA template  
(100ng/μL for plasmid) 

1 μL 

 

Table 4.10. Cycling parameters for PCR reactions. 

 Parameters  

Denaturation 95C, 3 min  

Melting 94C, 30 sec x35 cycles 

Annealing Based on primers  

Extension 68C, 
60 sec/kb 

 

Final extension 68C, 5 min  

 16C,   

 

Agarose gel electrophoresis 
  

To evaluate DNA samples, they were analysed by DNA gel electrophoresis. For this, 

1% agarose solution in 100 mL 1x TAE buffer (40 mM Tris/Acetate pH 8.0, 50 mM 

EDTA) was prepared. Agarose was slowly melted avoiding boiling via gentle heating 

until the solution looked clear. Then solution was cooled at room temperature and 

3μL of Stain G (Serva) were added so that DNA is visible under UV light. DNA samples 

were diluted with 5x Loading DNA buffer (Serva) and loaded onto the gel. A reference 

1 kb or 100 bp ladder (Serva) were loaded as well. Gel was running in 1x TAE buffer 

at 120 V for 30 mins and visualised under UV light in ImageQuant 300 Imager (GE). 

 

PCR product purification 
 

The products of PCR were purified with Promega PCR purification kit (Wizard® SV Gel 

and PCR Clean-Up System) according to the manufacturer guide. Briefly, the 
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amplification product was placed in SV Minicolumn and incubated for 1 min at room 

temperature, then centrifuged at 16 000 g for 1min. the column was washed with 

700 μL of Membrane Wash Solution by centrifugation at 16 000 g for 1min. the 

washing step was repeated with 500 μL of Membrane Wash Solution and the column 

was centrifuged for 5min. The residual ethanol was removed by additional 1min 

centrifugation. The column was transferred to an empty 1.5 mL tube and 50 μL of 

Nuclease-free water were applied. After 1min incubation at room temperature, the 

assembly was centrifuged at 16 000 g for 1min. the eluted DNA was stored at -20C. 

15 μL were sent for sequencing to Eurofins to validate PCR. 

 

DNA sequencing 
 

Purified plasmids or PCR products were sent to Eurofins Sanger sequencing for 

validation at the concentrations 50-100 ng/μL and 10-50 ng/μL respectively as 

recommended by Eurofins.  

 

Protein analytical methods 

 

Determination of recombinant protein concentration 
 

The concentration of purified proteins and substrates was usually determined by UV 

spectroscopy at NanoDrop1000. The concentration of the protein is estimated and 

calculated by the software as follows: 

𝐴 =  𝜀 × 𝑐 × 𝑑, 

where  

A is the absorption measured at 280 nm,  

ɛ is the molar absorption coefficient (M−1⋅cm−1),  

c is the molar concentration (M),  

d is the path length of the light through the cuvette (cm).  
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The molar absorption coefficient of the respective protein was predicted by Expasy´s 

ProtParam tool (Gasteiger et al., 2005). The measurements were corrected to the 

respective buffer. 

 

BCA assay 
 

To determine the concentration of complex protein mixtures or proteins with low 

spectroscopic characteristics BCA assay was applied according to the manufacturer’s 

manual (Pierce BCA Assay Kit, ThermoFisher Scientific). The assay employs the 

process of reduction Cu2+ to Cu1+ by the protein in an alkaline environment and allows 

colorimetric detection due to reaction of bicinchonic acid (BCA) with reduced copper 

cations (Smith et al., 1985). The reaction is known as biuret reaction.  

The assay was performed in 1 mL cuvettes or 96-well plate. The reagent:protein 

mixtures were incubated at 37°C for 30 min, cooled down at RT and measured in a 

photometer or Pherastar plate reader (BMG LAbtech) at 562 nm. The concentration 

of the protein of interest was derived from the calibration curve of BSA standards. 

 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE) 

 

SDS-PAGE was used for analytical separation and visualisation of protein of interest 

according to its molecular weight (Laemmli, 1970). The proteins were analysed on 

15% gels with 5% stacking gel due o low molecular weight of the proteins of interest. 

The composition of the gels is as follows: 

Table 4.11. The recipe for 15% SDS-PAGE gel. The volumes of reagents are given for 15% 

running gel and 5% stacking gel.  

15% Volume 5% Volume 

4xTG  
(1.5 M Tris/HCl, pH 8.8, 0.8 % w/v 
SDS) 

2.5 mL 2xSG (250 mM TRIS/HCl, pH 
6.8, 0.4% w/v SDS) 

2.5 mL 

40% Acrylamide 3.75 mL 40% Acrylamide 0.625 mL 
H2O  3.75 mL H2O  1.875 mL 
10% APS 100 μL 10% APS 100 μL 
TEMED 10 μL TEMED 10 μL 

Total 10 mL  10 mL 
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The first step was to prepare separation gel. On the top of it was poured isopropanol 

to flatten the top of the gel. After the removal of isopropanol, the stacking gel was 

made on the top of the already polymerised separation one.  

The proteins were mixed with 5x Laemmli buffer and incubated at 95C for 5 min to 

unfold the proteins and bound them to SDS. The samples were briefly centrifuged 

and loaded onto the gel. As a protein standard, 7 μL of either low molecular weight 

marker (Serva test mixture 6) or pre-stained dual colour protein ladder (Serva) was 

used. The electrophoresis was carried out usually at 35 mA per gel for 40 min in SDS 

running buffer (25 mM TRIS, pH 8.3, 0.2 M Glycine, 0.1% w/v SDS). The gels were 

stained with Fairbanks A (25% v/v isopropanol, 10% v/v acetic acid, 0.05% m/v 

Coomassie Brilliant Blue R-250) and de-stained with Fairbanks D (10% v/v acetic acid) 

based on Fairbanks et al., 1971.  

 

Western Blot 
 

For identification of specific proteins, the western blot was performed. Protein 

samples were examined on SDS-PAGE 15% gels using pre-stained molecular weight 

marker. Then skipping staining process proteins were transferred onto nitrocellulose 

membrane (NC) by semi-dry transfer. The gel was placed on a membrane, and then 

they both were put between three layers of a filter paper from each side.  The 

transfer was done at 75mA per gel for at least 2h in transfer buffer (48 mM Tris, pH 

9.0, 39 mM Glycine, 20% v/v Methanol, 0.037% w/v SDS). The NC with transferred 

proteins was incubated in the blocking solution (5% w/v milk powder in TBST: 20 mM 

Tris, 150 mM NaCl, 0.1% w/v Tween20) for 1 hour at RT while slowly shaking to block 

any unspecific protein binding sites. The membrane was washed three times in TBST, 

cut if necessary to separate different proteins, and then incubated overnight with the 

respective primary antibody at the following dilutions in TBST: α16.2 at 1:1000, 

α16.41 at 1:250, and α16.48 at 1:250. The membranes were then washed 2 times for 

5 min in TBST then incubated with the respective secondary antibody (Hsp16.2 with 
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α-mouse, Hsp16.41 and Hsp16.48 with α-rabbit) for 45-60 min at the 1:10 000 

dilutions. The membranes were washed again two times in TBST for 5 min and finally 

one time in TBS (no Tween20) for 10 min. To visualise the result, membranes were 

sprayed with chemiluminescence detection spray WesternBright ECL Spray 

(Advansta) and visualised via ImageQuant LAS 4000 System (GE Healthcare).  

Protein expression and purification 

 

Test expression 
 

Two mutant expression vectors, Hsp16.41 (A33C) and Hsp16.48 (A33C), were tested 

for optimal protein over-expression at different conditions. The constructs were 

transformed into three expression systems, such as JM109 (DE3), SHuffle and BL21-

CodonPlus (DE3). The expression was induced by 1mM IPTG and carried at 30°C and 

37°C overnight. 1 mL of expression culture were taken every other hour for further 

analysis by SDS-PAGE. The cells were separated by centrifugation at 16 900 g for 5 

min and washed three times in IB Buffer (50 mM Tris (pH 7.4), 10 mM EDTA, 50 mM 

NaCl, Protease Inhibitor Mix G (Serva)). Cell disruption was done with 0.25-0.5 mm 

glass beads in a bead mill at 30 s-1 for 1 min 3 times at 8°C. Cells were separated from 

glass beads into fresh tube. The inclusion bodies were separated from soluble 

fraction via centrifugation at 16 900 g for 5 min. The pellet and lysate were analysed 

by SDS-PAGE on 15% gels.  

 

Expression and purification of the “core” hsp16s 
 

Recombinant sHsp16s were purified under denaturing conditions. The genes were 

sub-cloned into NdeI/XhoI sites of the vector pET-21a(+) (Novagen-Merck 

Biosciences, Ltd., Nottingham, UK). The plasmids were transformed into E. coli strain 

BL21-CodonPlus (DE3). The transformed cells were cultured at 37°C overnight in 50 

mL Luria-Bertani (LB) medium containing 100 μg/mL ampicillin and used to inoculate 

2 L LB medium for further protein expression. The protein expression was induced by 

1 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG) once cells reached OD600 = 0.6-
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0.7 (approximately after 4-5 h) and carried out overnight at 37°C. Cells were 

harvested by centrifugation at 6 000 rpm at 4°C and re-suspended in 50 ml ice-cold 

IB-Buffer (50 mM Tris (pH 7.4), 10 mM EDTA, 50 mM NaCl, Protease Inhibitor Mix G 

(Serva)). Cell disruption was performed by sonication in a high pressure cell 

disruption system BasicZ (ConstantSystems, Daventry, United Kingdom). 1% Triton X-

100 was added to the lysate and stirred for 1 h at 4°C. The inclusion bodies were 

harvested by centrifugation at 20 000 rpm at 8°C and washed with IB buffer at least 

three times. The inclusion bodies were re-suspended in IB-dissolving buffer (50 mM 

Tris (pH 7.4), 5 mM EDTA, 4 M Urea, 10 mM β-Mercaptoethanol) and dissolved by 

stirring for 2 h at room temperature. Insoluble parts were separated by 

centrifugation at 20 000 rpm at 25°C. The supernatant was applied to an ion-

exchange Q-sepharose column equilibrated in Buffer B1 (50 mM Tris (pH 7.4), 5 mM 

EDTA, 50 mM NaCl, 5 mM DTT, 4 M Urea) and eluted using a gradient of 0-100 % 

Buffer B2 (50 mM Tris (pH 7.4), 5 mM EDTA, 1 M NaCl, 5 mM DTT, 4 M Urea). Fractions 

containing the protein of interest were loaded on an ion-exchange SP-sepharose 

equilibrated in Buffer B1 and were eluted using a gradient of 0-100 % Buffer B2.  

The fractions of interest were concentrated to 10 ml with Amicon Stirred 

Ultrafiltration Cells (EMD Millipore, Billerica, MA, USA) using ultrafiltration disc 

membranes with a 3 kDa molecular weight cutoff. The concentrated sample was 

loaded on a size-exclusion Superdex75 26/60 column equilibrated in Buffer B3 (50 

mM Tris, pH 7.4, 5 mM EDTA, 150 mM NaCl, 5 mM DTT, 4 M Guanidinhydrochloride) 

and eluted.  

Refolding was performed on a size-exclusion column Superdex200 26/60 equilibrated 

in PBS (8.1 mM Na2HPO4x2H2O (pH 7.4), 1.76 mM KH2PO4, 137 mM NaCl, 2.7 mM 

KCl). Fractions containing refolded protein were dialyzed overnight in 5 L of PBS (pH 

7.4) at 4°C in Spectra/Por dialysis tubes (Spectrum Laboratories, Inc, USA) with a 

molecular weight cutoff of 6-8 kDa. The purity was confirmed by 15% sodium dodecyl 

sulphate polyacrylamide gel electrophoresis. Purified proteins were concentrated 

again at 4°C, flash-frozen in liquid nitrogen and stored at -80°C. 
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Protein concentrating 
 

The proteins were concentrated in Amicon Stirred Ultrafiltration Cells (EMD 

Millipore, Billerica, MA, USA) using ultrafiltration disc membranes with a 3 kDa 

molecular weight cutoff. For smaller amounts, Amicon Ultra Centrifugal Filter Units 

(Merck) with a 3 kDa cut-off were used for concentration via centrifugation at 4,000 

x g and 8°C. 

Protein dialysis 
 

The buffer exchange was done against 100-fold excess of a fresh buffer overnight at 

8°C with a gentle stirring. The proteins were poured into a Spectra/Por dialysis tube 

(Spectrum Laboratories) with a 3 kDa cutoff. For small amount (0.5-1 mL), the 

proteins were dialysed in Slide-A-Lyzer™ Dialysis Cassettes (Thermo Scientific) with a 

3 or 10 kDa cutoff.  

 

In vitro structural assays 

 

CD spectroscopy 
 

To characterise the secondary protein structures Far-UV CD measurements were 

carried out in a Chirascan – Circular Dichroism Spectrometer (Applied PhotoPhysics). 

The protein samples were diluted in PBS (pH 7.4) and loaded into 0.1 or 0.5mm 

cuvettes (Hellma) at 10-25 μM concentration. CD signals were collected ten times 

from 260 nm to 200 nm, using a scanning rate of 1 nm/sec at 10°C. The spectra were 

corrected by the background spectra from PBS. The molecular ellipticities were 

calculated for the mean residue weight (MRW) due to macromolecular structure of 

the chaperones as follows (Venyaminov and Yang, 1996): 

θMRW =  
θλ × MRW

𝑐 × 𝑙 × 10
 

 where  
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θ𝑀𝑅𝑊 = mean residue ellipticity [deg cm2 dmol-1]; 

MRW = mean residue molecular weight; 

θλ = ellipticity [deg]; 

𝑙= path length of the cuvette [cm]; 

𝑐 = protein concentration [M]; 

 

Thermal unfolding and refolding 
 

To test thermal stability of the proteins their thermal transitions from 10°C to 80 °C 

and backwards were analysed (Greenfield, 2006). The heating/cooling rate of 

1°C/min with stepped ramp was applied. The change in molar ellipticity was recorded 

by the Chirascan coupled to the water bath and Peltier element (Quantum 

Northwest) in a range of 210-225 nm wavelengths. The protein concentrations were 

20 μM and the transitions are shown at specific wavelengths indicated for each plot 

separately.  

High performance liquid chromatography (HPLC) 

 

HPLC is a method used to analyse the size of complex biological samples by separating 

them on a size-exclusion column according to their size. The retention time of the 

analysed complex is compared to the standard (BioRad) which in this case contained 

thyroglobulin (670 kDa), γ-Globulin (158 kDa), Ovalbumin (44 kDa), Myoglobin (17 

kDa) and Vitamin B12 (1.35 Da). HPLC system (Shimadzu) was equipped with 

analytical size exclusion column Superdex200 increase 10/300GL (GE), which was 

chosen due to the ability of sHsp16s to form oligomers up to 500 kDa. In addition, 

HPLC was equipped with SPD-20A UV/VIS detector, RF-10A XL fluorescent detection 

system, SIL-20AC auto sampler, DGU-20A degassing unit and FRC-10A fractionation 

collector. The proteins were separated in PBS (pH 7.4) at a flow rate 0.5 mL/min at 

RT. Injection volume was usually 100 μL with various protein concentrations. Prior 

analysis the protein samples were centrifuged at 16 000 rpm for 20 min at 8°C to 
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remove any possible artefacts. In case of fractionation, the fractionation volume was 

set to 500 μL.  

To complement the transmission electron microscopy experiment with 

chaperone:substrate complexes, 8 μM of the respective chaperone were incubated 

with aggregating 2 μM MDH, 1 μM CS or 40 μM insulin at the respective aggregation 

inducing conditions to track complex formation. The formed complexes were loaded 

on the column after 30 min of incubation and compared with the sizes of the control 

samples (chaperone and aggregating substrate alone).  

 

Analytical size exclusion chromatography-multi-angle light 
scattering (SEC-MALS) 

 

Another method to assess the molecular weight of proteins is SEC-MALS. The HPLC 

system is equipped with a refractive index (RI) detector (Shimadzu) and multi-angle 

light scattering (MALS) detector (Wyatt). 80 μM of protein were applies onto a 

Superdex200 increase 10/300GL (GE) column equilibrated in PBS, pH 7.4. The flow-

rate was set to 1 mL/min with a separation time 60 min. BSA standard (ThermoFisher 

Scientific) was used for the calculation of molecular masses and extinction coefficient 

in ASTRA software (Wyatt).  

Analytical ultracentrifugation (AUC) 
 

The proteins were analysed by analytical ultracentrifugation to obtain their molecular 

weights. This is an advantageous method, especially for proteins that tend to interact 

with a column matrix (HPLC, SEC-MALS) and for proteins with low content of aromatic 

amino acid residues. The measurements were carried at 230 nm in ProteomeLab XL-

I Beckman Coulter under sedimentation velocity mode. The 20 μM protein samples 

(in PBS) were analysed at 20°C at 30 000 rpm in a AN50Ti rotor. For this, 350 μL of a 

sample in triplicate was loaded in assembled double-sector cells with quartz 

windows. The scan counts were set to 250 with a rate 1 scan/min. The analysis was 



 
 

 

- 129 - 

carried out in SEDFIT software (Brown and Schmuck, 2006). The measurements were 

performed with Dr. Martin Haslbeck. 

Hydrogen/deuterium exchange mass spectrometry (H/DX-MS) 
 

The changes in molecule dynamics can be monitored by Hydrogen/deuterium 

exchange mass spectrometry (H/DX-MS). The principles of the method consist in 

measuring the time-dependent isotopic exchange of hydrogen atoms in the protein 

and the surrounding solvent (Masson et al., 2019). The tightly folded atoms are 

protected from the exchange, while unfolded or disordered regions are more 

accessible and thus are rapidly involved in the HDX (Konermann et al., 2011).  

The measurements were done on the Synapt G2-S ESI-TOF mass spectrometer 

(Waters) equipped with Leap PAL RTC (robotic tool change) and ACQUITY M-Class 

UPLC (Waters) system for a high efficiency particle separation. 30 μM protein 

samples were diluted with deuterium oxide to 1.5 μM concentration in PBS, pH 7.4. 

The samples were incubated at 20°C for 0.167 min, 1 min, 10 min, 30 min and 120 

min. The reaction was quenched by adding an equal amount of quenching buffer (50 

mM Na2HPO4/NaH2PO4, pH 2.6, 35 mM TCEP, 4 M guanidine hydrochloride) at 1°C. 

The proteins were then digested on the Enzymate BEH Pepsin Column (2.1 x 30 mm; 

Waters) at 20 °C. The peptides were trapped and then separated on an ACQUITY UPLC BEH 

C18 column (1.7 μm, 1.0 x 100 mm; Waters) at 0°C by eluting with 0.1 % (v/v) formic acid in 

acetonitrile and 0.1 % (v/v) formic acid in water gradient. The peptides were additionally 

separated by drift time in the mobility cell and fragmented by MSE optimised approach 

(Boczek et al., 2015; Helm and Baginsky, 2018). The data was analysed in Protein Lynx Global 

Server PLGS and DynamX (Waters) and Deuteros (Lau et al., 2021).  

 

Negative stain transmission electron microscopy (TEM) 
 

5 μL of protein samples in PBS, pH 7.4, were applied on the 200-mesh activated 

copper grids (Merck) and incubated for 10 sec. The proteins were then washed with 

10 μL of 50 mM Tris buffer and stained with 5 μL of 1.5 % (w/v) uranyl acetate solution 

for 30 sec. The access liquid was removed by a gentle touch with a filter paper. The 
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micrographs were taken on a JEOL JEM-1400 Plus transmission electron microscope 

(JEOL Germany GmbH) at 120 kV and a magnification of 50,000x by Dr. Carsten 

Peters.  

 

In vitro functional assays  

 

Chaperone activity assay 
 

To assess a chaperone function of sHsp16s in vitro, they were examined for their 

ability to prevent (holdase) or promote (aggregase) the aggregation of induced 

unfolding of model substrates (Mymrikov et al., 2017). The aggregation of 

chaperone:substrate complexes was monitored via light scattering at 360 nm for 50-

70 min in a Cary50 photometer (Agilent) equipped with waterbath for temperature 

control in 10mm quartz cuvettes (Hellma). The aggregation was induced either by 

elevated temperature or chemically. For thermal aggregation malate dehydrogenase 

(MDH, 2 μM) and citrate synthase (CS, 1 μM) were used and induced at 42°C and 44°C 

respectively. For chemical aggregation assay insulin (40 μM) was induced by 20 mM 

DTT and monitored at 37°C. Proteins were diluted in PBS (pH 7.4) to the final 

concentration of 0-8 μM. sHsp16.41 and sHsp16.48 were additionally analysed in 

HEPES buffer (pH 7.4) into which they were dialysed overnight before the 

measurement. To compare chaperone activity at different chaperone:substrate 

ratios, the endpoint of scattering data of experimental samples was normalised to 

the endpoint value of control sample (substrate alone) at respective chaperone 

concentration.  

Protein labelling  

 

Hsp16.2 was labelled with ATTO550 and ATTO647N fluorescent dyes (ATTO TEC) at 

the C33 position. The protein in PBS, pH 7.4, was incubated with 10-fold molar access 

of each dye for 1 h at 37°C in the dark while shaking. The unbound dye was removed 

with PD10 column.  
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Förster resonance energy transfer (FRET)  
 

Förster resonance energy transfer (FRET) occurs between the excited state donor 

fluorophore and acceptor fluorophore. For the transfer to occur, the spectral overlap 

and proximity of fluorophores up to 20 nm have to be satisfied (Algar et al., 2019). 

The chosen optimal FRET dyes were ATTO550 and ATTO647N.  

For FRET measurements, 5 μM of ATTO550 and 5 μM of ATTO647N labelled Hsp16.2 

(PBS, pH 7.4) were mixed in a 200 μL cuvette at 1:1 ratio resulting in 5 μM total 

concentration. The experiment was performed at 15°C on Jasco FP-8550 

spectrofluorometer equipped with a temperature control. The donor (ATTO550) was 

excited at 555 nm. The bandwidth was set to 2.5 mm. Sensitivity was set to medium 

and the response to 0.1 sec. The scan speed was 500 nm/min with 1 nm data 

intervals. For kinetics measurement, the change in fluorescence was recorded at 575 

nm for donor and at 666 nm for acceptor for 1800 sec. For spectra measurement, the 

emission was monitored from 565 to 700 nm.  

 
Subunit exchange 

 

To investigate the relationship between Hsp16 family members and their ability to 

freely associate and dissociate subunits, they were examined by a FRET subunit 

exchange assay (Bova et al., 1997). For this, a pre-formed for 1800 sec Hsp16.2 FRET 

complex (5 μM) was diluted with a 10-fold molar access of unlabelled Hsp16. The 

total protein concentration was kept constant at 5 μM, as this was important for 

Hsp16s due to their heterogeneity and dynamic. For this, 15 μL of 5 μM pre-formed 

FRET complex were diluted with 135 μL of an unlabelled protein and PBS, pH 7.4, so 

that the total protein concentration in the cuvette was still 5 μM. The dissociation of 

a FRET pair complex was monitored as a change in donor signal at 15°C for 1800 sec 

at 555 nm excitation and 575 nm emission.  
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In vivo assays 

 

C. elegans growth and maintenance  
 

The worms were normally maintained at 20°C on the Nematode Growth Medium 

(NGM) plates (3 g NaCl, 2.5 g peptone, 20 g agar, 1 mL of 5 mg/mL cholesterol in 

ethanol, 1 mL of 1 M CaCl2, 1 mL of 1 M MgSO4 and 25 mL of 1 M KH2PO4 pH 6.0 in 1 

L ddH2O) as recommended in Wormbook (Eisenmann, 2005). The agar contained a 

lawn of OP50 E. coli as a food source. Bacterial cultures were grown in B-broth (10 g 

Tryptone, 5 g NaCl in 1 L ddH2O) at 37°C without shaking overnight or at RT for 24 h. 

To keep culture running, worms were either picked twice a week or chunked once in 

1-2 weeks. In case of a long-term storage, the worms were kept at 10-15°C on starved 

plates (with no source of food) for several months. All strains were purchased either 

from Caenorhabditis Genetic Center (CGC) or National Biosource Project (NBPR, 

Mitani).  

Generation and maintenance of males  
 

For genetic manipulations, male (XO) animals were generated by heat shock. The 

purpose of generating males was to either backcross mutant strains and ensure that 

mutation is fixed in the population or generate a strain with multiple mutations (Fay, 

2006) (Wormbook). Given that males occur at a low frequency in a wild-type 

population (0.02%), they were generated by mild heat shock. 3-4 seeded NGM 

plates with 10-15 L4s were placed in a water bath for 4 h at 30°C. In several days the 

F1 generation was checked for males. At least 10 males were then picked onto a fresh 

non-seeded NGM plate and mated with 5 hermaphrodites (XX). This should increase 

the frequency of males in next generation. A small dot of E. coli lawn was put in a 

centre of a plate as a source of food so that the chance of mating increases. The male 

plate was maintained by picking excess of males and mating them with 

hermaphrodites at least once a week.  
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C.elegans genotyping, backcrossing, and outcrossing 
 

I. PCR genotyping 

Firstly, to validate that the purchased mutant strains carry the correct mutation they 

were examined by PCR genotyping (Ahringer, 2006). Three primers were designed for 

each of the mutant strains: forward, reverse, and internal reverse so that they bind 

before, after and within the mutated region, respectively. The principle of this 

approach is as follows (Figure 4.1): if mutation is present, the internal primer does 

not bind which results in one type of PCR product made by forward and reverse 

primers; if the mutation is absent, then two PCR products are created; in case of 

heterozygous mutation, there are all three PCR products.  

 

 

Figure 4.1. The principle of primer design for PCR genotyping. For each mutant strain the 

forward, revers and internal reverse primers were designed.  

 

To get a DNA template, the genomic DNA (gDNA) was extracted from the mutants of 

interest via worm lysis. 10 μL of worm lysis buffer (50 mM KCl, 10 mM Tris pH 8.2, 2.5 

mM MgCl2, 0.45% NP-40, 0.45% Tween20, 0.01% Gelatine and 6 μL of 20 mg/mL 

Proteinase K per 1 mL added freshly) were put on a lid of PCR tube and 10 μL inside 

the tube. Then 10 gravid adults were picked and transferred in the drop of the buffer 

in the lid. The worms were briefly centrifuged down and placed to -80C for 20 min 

to accelerate the breaking of a harsh cuticle of the worms. The next step was carried 

out in PCR cycler with the following method: 1 h at 60C, then 20 min at 95C to 

inactivate Proteinase K. For PCR genotyping, 1 μL of extracted gDNA was used in a 
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reaction. MasterMix composition for PCR contained 0.8 μL of each 10 μM primer, 0.5 

μL of 10 mM dNTPs, 2 μL TaqBuffer, 0.3 μL Taq Polymerase and 13.8 μL ddH2O. 

The PCR genotyping was carried out in a PCR cycler using OneTaq PCR kit (NEB) as 

follows:  

Table4.12. PCR cycling methods for genotyping 

tm1221 VC475 tm1093 RB791  

95C, 3 min  

94C, 30 sec 

x35 cycles 64.1C, 30 sec 55,7C, 1 min 62C, 1 min 62C 

68C, 2.5 min 68C, 45 sec 68C, 45 sec 68C, 2 min 

68C, 5 min  

16C,   

 

PCR products were loaded on a 1% DNA agarose gel and subjected to a DNA 

electrophoresis. In this way all mutants were validated and matched the information 

provided by the manufacturer. However, tm1221 mutant that is supposed to have 

hsp16.1b and partially hsp16.48b genes mutated had mutation in other gene copies, 

hsp16.1a and hsp16.48a, instead.    

II. Backcrossing 

Given that mutant strains were heavily mutagenized by manufacturer and may 

contain several mutations in addition to the one of interest, it is crucial to backcross 

them to the wild-type strain (Ahringer, 2006). For this, 5 L4 hermaphrodites of the 

mutant strain were mated with 10 males of wild type (N2) overnight at 20C. The 

next day adult hermaphrodites were singled out (each individual was put on a 

separate 3 cm NGM plate seeded with OP50). In 4 days, the progeny (L4s) was singled 

out on 16 plates and allowed to self-fertilize and lay eggs once reached adulthood 

(overnight). Then each of 16 “mothers” was used for single-worm lysis (SWL) and 

genotyped for heterozygous mutation. The progeny of those with heterozygosity was 

again singled out on 32 plates and once reached adulthood was again genotyped for 

homozygous mutation. By this stage, the strain was 3x backcrossed. Then mating with 

N2 males was again repeated to obtain 4-6x backcross.  
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III. Outcrossing 

To generate double-mutant strains, they were genetically manipulated by the 

method similar to backcrossing. In C. elegans, hermaphrodites can only self-cross, so 

the outcrossing is carried out with males of one of the mutants and hermaphrodites 

of another one. However, as sHsps are heat sensitive proteins, generating mutant 

males via heat shock was rejected as a method of choice. Therefore, the first step of 

crossing was to mate 5 L4 hermaphrodites of mutant with 10 males of N2 wilt type 

instead of males of another mutant. This approach takes more time but might be 

safer for the strains with a mutation in heat-shock proteins. 

Animals carrying mutation in one gene of interest (gene A) were mated with 10 wild 

type males to obtain males carrying mutation in gene A. Next, 5 L4 hermaphrodites 

of the second mutant of interest (gene B) were mated with 10 males of gene A 

mutant. The 16 F1 heterozygotes were singled out to lay eggs and then were 

subjected to SWL and PCR genotyping for gene A. The F2 progeny of those mothers 

with homozygosity in gene A were singled out (32 animals), allowed to self-fertilize, 

lay eggs, and then subjected to SWL and genotyping for gene B. In case if gene B was 

still heterozygous, the F3 animals were again singled out and genotyped until both 

genes of interest became homozygous (Huang, 2006).  

In this project tm1093 (hsp16.41) was crossed with RB791. The last strain carries 

mutation in hsp16.1a and hsp16.48a (CGC; WormBase). RB791 deletion is 1803bp 

long and covers both genes. The result of crossing was a double (technically triple) 

mutant strain named tm1093xRB791 that carries mutations in hsp16.41, hsp16.1a 

and hsp16.48a genes.  

 

RNAi lifespan assay 
 

To examine the role of Hsp16s in C. elegans ageing, animals were analysed via 

lifespan assay. The principle of this method is to monitor the time from day 1 

adulthood of the worm and assess whether animal is alive or dead. The combination 

of gene knock-out in mutant strains and knock-down by RNAi bacteria were used. 
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All mutant (tm1221, tm1093, VC475, RB791, tm1093xtm1221, tm1093xRB791) and 

N2 wild type strains were bleached to synchronize the worm populations. The 

principle of bleaching technique is that adult worms are sensitive to the component 

of bleaching solution while egg shell protects embryos. For this 2-3 NGM plates of 

each strain with many gravid adults and little or no E. coli lawn were washed off the 

plates with M9 buffer. Worms were then washed at least 3 times by centrifugation 

at 2 000 rpm for 2 min to get rid of the bacteria. The M9 buffer was discarded and 

2.5 mL of bleaching solution were added (300 μL of 12% Sodium Hypochlorite NaOCl, 

250 μL of 10M NaCl, 1950 μL of ddH2O). The samples were vigorously shaken for 2 

min to break down the cuticula and release eggs. The solution was examined under 

the microscope in between of shaking and once worms “broke”, it was centrifuged 

again, supernatant immediately discarded and 4 mL of M9 buffer were added to stop 

the bleaching reaction. The eggs were washed at least 3 times with M9 buffer via 

centrifugation (Porta-de-la-Riva et.al., 2012). After the last washing step, the pellet 

was concentrated to around 500 μL. Approximately 100 eggs were put per NGM plate 

and grown at 20°C for 4 days until worms reached L4 stage. Then 20-25 L4s of each 

strain were put on 3-5 RNAi plates (3 g NaCl, 2.5 g peptone, 20 g agar, 1 mL of 5 

mg/mL cholesterol in ethanol, 1 mL of 1 M CaCl2, 1 mL of 1 M MgSO4 and 25 mL of 1 

M KH2PO4 pH 6.0, 1 mM IPTG, Ampicillin 100 μg/mL, 25 μM FUdR in 1 L ddH2O) 

seeded with E. coli strain HT115 that carried a respective RNAi vector. Floxuridine, 5'-

fluorodeoxyuridine (FUdR) was used to inhibit reproduction in adult animals (Gandhi 

et.al., 1980). This approach eliminates the need to transfer adult worms on the fresh 

plates to separate adults from growing larva. To avoid any unnecessary effects of 

FUdR on the development, larvae were first grown on regular NGM plates and 

transferred onto RNAi plates only at L4 stage of their development. After day7 of 

adulthood all worms were transferred onto the fresh RNAi plates with freshly seeded 

RNAi bacteria and no FUdR. The animals were transferred onto the fresh plates every 

week to maintain effectiveness of RNAi constructs. The total number of nematodes 

per variation was between 67 to 117 worms.  
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The vectors used were L4440 (empty vector), L4440:16.1, L4440:16.48. N2 grown on 

L4440 RNAi vector was used as a control. To note, L4440:16.1 and L4440:16:48 

vectors each target two gene copies 16.1a/16.1b and 16.48a/16.48b, respectively. All 

vectors were validated by sequencing and targeted the respective genes of interest. 

Worms were grown at 20 1°C throughout the assay and monitored under the 

microscope every 1-3 days. The status of the worm (alive or dead) was assessed by 

gentle touch with a pick. Those worms that crawled inside agar or on the edge of the 

plate and dried out were marked as censored. The survival data was analysed with 

online tool OASIS2 (Han et al., 2016), data was assessed by Kaplan-Meier estimates 

(to evaluate percent survival and survival time), log-rank test (to compare results 

between the experimental groups), mean lifespan and visualised by survival plots in 

Origin (2018b).  

 

Proteomics 

 

C.elegans solid culture cultivation and lysate preparation 

 
Growing worm cultures 

 

To obtain enough material at least 30 10-cm NGM plates were seeded with 1.5 mL 

OP50 E. coli (grown in B-broth). Approximately 40-60 animals of mixed age were 

transferred onto the plates and grown at 20°C for 4 days (until plates are full of mixed 

worm populations).  

 

C. elegans lysate preparation 

 

For worm lysis worms were washed off the plates with M9 buffer, then the pellet was 

washed with M9 buffer by centrifugation at 2 000 rpm for 2 min 3-5 times until 

supernatant is clear (to get rid of the bacteria). The final centrifugation was carried 

out at 3 000 rpm to form a packed worm pellet and the supernatant was discarded. 

The pellet was re-suspended with equal amount of IP-buffer and flash-frozen in liquid 

nitrogen. The freezing step was always carried out and samples were always stored 
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at -80°C at least overnight. The worm pellet was thawed on ice and transferred into 

an ice-cold mortar. Worms were grinded 40 times and transferred into new Protein 

LoBind tubes (Eppenforf). The 0.25-0.5 mm glass beads were added and pellets were 

frozen in liquid nitrogen. Pellet was then slowly thawed on ice and broken up in a 

bead mill at 30 s-1 for 1 min 3 times at 8°C. Glass beads and cell debris were separated 

by centrifugation at 16 900 g for 10 min. The supernatant was transferred to a new 

tube and centrifugation was repeated. At this point lysate can be frozen in liquid 

nitrogen until further downstream applications. The concentration of protein mixture 

was assessed via BCA assay. 

 

Co-Immunoprecipitation 

 

The G-sepharose beads (Protein G Sepharose 4 Fast Flow, GE Healthcare) were 

washed 2 times with 750 μL PBS + 0.1% NP-40 by centrifugation at 2 000rpm for 2 

min. Hsps were incubated with lysate (in a ratio 10 μg/mL 200 μL: 1 mg/mL 200 μL) 

for 1 h at 4°C while slowly rotating. Crude lysate sample was saved for later SDS-

PAGE. Samples were then moved to water-bath for 45 mins for incubation at 20°C 

and 37°C. The control samples contained lysate and buffer with no hsp. The 

lysate:sHsp complexes were added to 20 μL of pre-equilibrated beads. 5 μL of 

antibody (anti-hsp16.48) were added to experimental samples. Pre-immune serum 

was added to control (no Hsp) samples. Samples were incubated overnight at 4°C 

while slowly rotating. Samples were then washed 3 times with 750 μL PBS + 0.2% NP-

40. Last wash was done with 750 μL PBS, the supernatant was removed carefully. 

Samples were then flash frozen in liquid nitrogen. Samples were prepared in 

quadruplicates.  

 

On-bead digest and desalting 

 

The Co-IP samples were thawed on ice, then 25 μL of Buffer I (50mM Tris/HCl, pH 7.5, 

2 M urea, 1 mM DTT, 5 ng/μL Trypsin) were added and samples were incubated for 
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2h at RT. Then 100μL of Buffer II (50 mM Tris/HCl, pH 7.5, 2 M urea, 5 mM 

Iodacetamide) were added and samples were incubated overnight at RT while 

shaking (300rpm). The tubes were covered with foil to protect them from light. The 

reaction was stopped by adding 1.5 μL of formic acid (FA). The beads were separated 

via centrifugation at 2 000 rpm for 2 mins. Samples were applied to a previously 

washed in 70 μL of 70% methanol and then equilibrated with 70μL of 0.5% FA Stage 

Tips with double C18 layer (Rappsilber et al., 2007). Tips were washed with methanol 

once by applying pressure with syringe filled with air and equilibrated with FA 3 times 

by centrifugation at 960 g for 1.5 min. The liquid leftovers were pushed through with 

syringe. Supernatant from beads samples (≈150 μL) was applied onto Stage Tips and 

centrifuged at 960 g for 3 mins. Sampled were again washed 3 times with 70μL of 

0.5% FA. The elution was done into the fresh tubes using 2x 30 μL of 80% acetonitrile 

(ACN) and 0.5% FA solution via centrifugation at 960 g for 1 min. Eluted samples were 

put in SpeedVac concentrator (ThermoFisher Scientific) for at least 1 h at AQ method 

with constant heating. Dried samples were stored at -80°C until further step.        

 

Sample preparation for LC-MS/MS 
 

Peptides were thawed and dissolved in 24 μL of 0.1% FA and sonicated for 15 mins in 

an ultrasonic bath at RT. While sonicating, the centrifugal filters (0.22 μm, Merck) 

were equilibrated with 300 μL of 0.1% FA by centrifuging at 10 000 g for 2 min. The 

dissolved peptides were applied onto filters and centrifuged at 2 000 g for 1 min. The 

flow-through was transferred into Chromacol vials (ThermoFisher Scientific) for the 

following MS measurements.  

 

MS/MS measurements 
 

The measurements were performed on an Orbitrap Fusion instrument (ThermoFisher 

Scientific) equipped with an UltiMate 3000 nano HPLC system (Dionex).  The samples 

were applied with injection volume 7 μL onto separation columns PepMap RSLC C18 

trap column 100 2 cm (75 μm ID) and Acclaim PepMap RSLC C18 50 cm (75μm ID) 
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with a flow rate of 5 μL/min using 0.1% TFA at constant 40°C. The samples were 

separated with a flow rate of 0.3 μL/min and a gradient for 152min as follows: 7 min 

5% ACN, 105min increase to 22% ACN, in 10 min to 32% ACN, 10 min to 90% ACN, 

and 10 min wash at 90% ACN, then 10min equilibration at 5% ACN. Scans (m/z 300 - 

1,500) with a resolution of 120 000 and automatic gain control (AGC) ion target value 

of 2x105 were performed with a maximal injection time set to 50 ms. For MS2 scans, 

charge states from 2 to 7 and intensities more than 5x103 were chosen. HCD collision 

energy of 30% was set for the fragmentation. The AGC target value was set to 1×104 

and the maximum injection time to 35 ms. The option to inject ions for all available 

parallelizable time was selected.  

MaxQuant and Perseus MS data analysis 
 

For protein and peptide identification, MS raw files were analysed by MaxQuant 

v.1.6.2.6a with Andromeda search engine with data-dependent acquisition (DDA) 

(Cox et al., 2011; Sinitcyn et al., 2018). The search was performed against the 

unreviewed Caenorhabditis elegans UniProt database (downloaded on the 20th 

January 2021, 6293, canonical version). Group-specific parameters were set to label 

free quantification (LFQ). Global parameters were set default. The label min. ratio 

count was changed to 1.  The chosen modifications were oxidation (M) and 

acetylation (protein N-term) as variable and carbamido-methylation (C) as fixed. 

Match between runs function was enabled. Peptides for quantification unique+razor 

were picked. Proteins were identified with false discovery rate (FDR) set to 0.01 by 

default. The replicates were set to the same fraction to enable comparison between 

them and increase protein identification. To increase validity of results, the peptides 

were searched against a decoy database (reverse) generated by MaxQuant. The 

resulted protein groups with identified LFQ intensities were further analysed by 

Perseus software. 

For the statistical analysis Perseus software (v.1.6.2.1) was used. The protein groups 

table in the txt folder was uploaded in the programme. LFQ intensities were log2 

transformed; potential contaminants, reverse hits and hits only identified by site 
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were removed. All samples where categorically annotated based on the treatment 

conditions in co-immunoprecipitation step and number of the replicates. The rows 

were then filtered by at least 3 valid values in each group, so that the proteins were 

identified by at least 3 out of 4 replicates. Then missing values were replaced from 

normal distribution.  

Data was evaluated by principal component analysis (PCA) to detect similarities 

among the samples. To evaluate the degree of correlation between the different and 

same replicates the Pearson correlation was calculated with a Multi scatter plot 

function.   

Hits were visualised firstly by generating the volcano plots with a fold change 

difference plotted against –log(p-value) with FDR = 0.05 and s0 = 0.01. The most 

significant protein hits were selected based on FC > 1 and -log(p-value)  1 which 

corresponds to p-value  0.05. The combinations and number of proteins identified 

were then calculated by Venn diagram plotter.  

 

Visualisation of PPI networks and GO term analysis 
 

The protein-protein interaction networks of the most significant interactors were 

constructed in Cytoscape v.3.9.1 (Shannon et al., 2003). GO term analysis by 

biological process was performed in Cytoscape with a built-in plugin ClueGO v.2.5.9. 

The marker list was set to C. elegans (6239). The network specificity was set to global 

level. Cluster number was increased to 26. The GO networks were visualised with 

yFile plugin as circular layout.  
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Supplementary information 
 

Table S1. Gene names of sHsp16s protein interactors identified in co-IP/MS pull-
downs at 20°C and 37°C. The interactors were filtered by p-value<0.05 and at least 2-
fold change in the abundance. The gene names are listed from the highest to the 
lowest fold change in the abundance.  
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fusm-2 dhs-4 mrp-1 pxn-1 ltrpc4/ced-11 smk-1 mca-2 atg-4.1 
smk-1 CELE_F17E9.

5 
haf-2 prp-38 Hsp16.1 rig-3 dli-1 ikb-1 

CELE_T23G1
1.7 

mlt-3 dnc-1 CELE_F56B3.
4 

pgp-3 bus-5 unc-73 CELE_D2063.
1 

ags-3 rha-1 npp-11 CELE_T07A9.
10 

T20B12.7 T09A5.5 CELE_Y53C12
B.1 

cul-4 

CELE_T07A9.
10 

ugt-21 W03F8.3 mpz-1 lgc-50 fusm-2 iglr-2 CELE_F21C10
.10 

CELE_F38B6.
4 

rbx-1 cyp-35a2 egg-6 cct-1 mrp-3 usip-1 CELE_F55D12
.2 

rbx-1 Y57A10A.29 CELE_F07F6.
8 

hgap-2 sds-22 CELE_T07A9.
10 

daf-25 ctsa-1.2 

tep-1 phm-2 CELE_T03G6
.1 

wrk-1 cct-2 K02D10.1 imp-2 golg-2 

CELE_T08G1
1.4 

C50F4.1 rbx-1 CELE_W02H
5.8 

mag-1 egg-6 pyk-1 C18F10.7 

mpdu-1 B0361.3 ndx-3 cul-4 imp-2 CELE_F10G8.
9 

math-33 crn-2 

C08E8.4 CELE_Y76B1
2C.6 

rha-1 wdr-62 ctsa-1.2 acl-5 mlcd-1 mpz-1 

CELE_R03G8
.6 

CELE_T27D1
2.1 

CELE_K02F6.
7 

rbx-1 F31E3.4 C18F10.7 apg-1 pes-2.1 

CELE_M05D
6.2 

mcu-1 mpst-6 CELE_F45H1
1.8 

sucg-1 cyp-25a3 atg-16.2 adr-2 

slc-25a46 slc-25a46 CELE_T08G1
1.4 

pgp-8 alh-13 C47E8.4 prmt-1 faah-3 

CELE_T03G6
.1 

CELE_F10G8
.9 

bus-5 CELE_R04B5
.5 

F46F11.1 nish-1 prg-1 CELE_Y62E10
A.20 

gut-2 gly-7 C08E8.4 rha-2 wdr-12 ceeh-2 dhs-4 CELE_Y76B12
C.6 

C55A6.3 CELE_K05B2.
4 

erp-44.2 mics-1 coq-4 wrk-1 Hsp110 arr-1 



 
 

 

- 144 - 

Hsp16.1  
20°C 

Hsp16.1  
37°C 

Hsp16.2  
20°C 

Hsp16.2  
37°C 

Hsp16.41 
20°C 

Hsp16.41 
37°C 

Hsp16.48 
20°C 

Hsp16.48 
37°C 

lin-35 ncs-2 CELE_F35D1
1.4 

CELE_F35D1
1.4 

hum-6 CELE_Y111B2
A.12 

syf-1 gly-7 

Hsp12.2 acs-20 mpdu-1 tbp-1 rgr-1 CELE_T27D1
2.1 

pcs-1 CELE_F56B3.
4 

CELE_K02F6.
7 

adr-2 metl-17 rha-1 T23G5.2 crn-2 npp-23 lin-10 

cash-1 CELE_K05C4.
7 

tba-5 CELE_F25D1
.5 

lrp-1 ltrpc4/ced-11 alh-13 T09A5.5 

CELE_K07C1
1.7 

CELE_T26A8.
4 

cogc-5 CELE_F42G1
0.1 

C13B9.2 adr-2 B0250.5 C13B9.2 

metl-17 CELE_Y71H2
B.5 

fusm-2 hrg-7 glod-4 C07D10.5 CELE_F52G2.
3 

CELE_T07A9.
10 

dnc-1 dhs-15 lin-35 ncs-2 npp-24 unc-40 ketn-1 CELE_F42G1
0.1 

homt-1 fusm-2 CELE_T23G1
1.7 

cyp-25a3 fzy-1 CELE_W02B1
2.1 

clh-6 spr-5 

CELE_F33H2
.2 

rabn-5 mlcd-1 golg-2 atg-16.2 CELE_W03F1
1.4 

pks-1 skih-2 

dhs-4 F46F11.1 CELE_Y76B1
2C.6 

Hsp17 C45G9.2 C33G3.4 C13B9.2 Hsp17 

asd-2 CELE_Y111B
2A.12 

F10B5.2 dhs-4 E02H1.2 ugt-13 CELE_Y76B12
C.6 

clec-88 

mlt-3 C48B6.2 F10E9.4 sqv-6 F07F6.4 CELE_F07F6.
8 

CELE_F42G1
0.1 

tbp-1 

tbp-1 knl-1 Hsp16.1 ceeh-2 disl-2 tnt-3 upb-1 C50F4.1 
ppt-1 chd-3 Hsp12.2 mars-1 tnc-2 C04G2.9 rad-8 rbx-1 
sco-1 egg-6 lgc-50 CELE_Y111B

2A.12 
CELE_K02C4.
3 

wdr-62 lact-3 CELE_Y47G6
A.19 

CELE_F29A7.
4 

Hsp17 C55A6.3 dhs-15 lin-23 ttr-25 fzy-1 mrp-1 

arrd-17 ptpn-22 cash-1 slc-25a46 prp-19 CELE_F17E9.
5 

trm-2a pad-2 

mrp-2 CELE_F45H1
1.8 

hda-3 ptpn-22 dhs-5 memo-1 mrp-1 set-29 

mlcd-1 CELE_D2063
.1 

C08B6.8 pad-2 pacs-1 ttc-37 copz-1 gad-1 

cogc-3 W03F8.3 C13B9.2 mpst-6 usp-14 ftt-2 pmt-2 fusm-2 
rabn-5 smk-1 acs-20 CELE_R74.8 cul-1 atg-4.1 CELE_Y38F2A

R.12 
itx-1 

efk-1 crn-2 CELE_F33H2
.2 

aipr-1 AC3.5 C06A8.6 unc-34 rsa-1 

cyp-25a3 C47E8.4 rgr-1 ssup-72 B0024.11 cpd-2 disl-2 CELE_F35D11
.4 

CELE_T04C9.
1 

CELE_F42G1
0.1 

vrk-1 CELE_F10G8
.9 

npp-14 Hsp16.2 cyp-35a2 vps-15 

rbc-1 aipr-1 pudl-1 atg-4.1 C08B6.8 tfg-1 CELE_Y48C3
A.12 

CELE_T27D1
2.1 

fzy-1 unc-40 bub-1 mec-17 aos-1 hgap-2 CELE_T04C9.
1 

ugt-13 

smg-1 spr-5 CELE_T04C9.
1 

spr-5 akt-1 rabn-5 cash-1 CELE_T13G4.
4 

prp-38 CELE_R04B5
.5 

cogc-3 CELE_T01H3
.3 

dpyd-1 CELE_Y62E10
A.20 

C47E8.4 CELE_K07C5.
3 

fbxa-14 mics-1 rabn-5 lin-13 C31H2.4 gad-1 dnj-11 CELE_F13D12
.9 

CELE_F58F9.
3 

CELE_R74.8 zig-12 acn-1 sphk-1 W03F8.3 CELE_F52C12
.6 

CELE_R74.8 

pmt-2 T09A5.5 CELE_F57C2.
5 

memo-1 maph-9 gly-7 pes-2.1 rcs-1 

atg-16.2 agef-1 pap-1 bub-1 coq-8 CELE_D2063.
1 

abcf-1 lrp-2 

CELE_F42F1
2.4 

memo-1 pmt-2 C50F4.1 mel-28 faah-3 cope-1 pkg-2 

ten-1 pks-1 cyp-25a3 CELE_Y62E1
0A.20 

dhp-2 lrp-2 ced-7 rgs-3 

CELE_T27D1
2.1 

itx-1 cdkr-3 nish-1 sars-1 CELE_R04B5.
5 

pmp-3 cyp-25a3 

CELE_F35D1
1.4 

mec-17 dars-2 T09A5.5 daf-21 F42H10.6 rabn-5 rig-3 

mtp-18 CELE_F46B6.
6 

ech-8 CELE_F07F6.
8 

C47E8.4 rbx-1 CELE_K02F6.
7 

ttr-25 
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Hsp16.1  
20°C 

Hsp16.1  
37°C 

Hsp16.2  
20°C 

Hsp16.2  
37°C 

Hsp16.41 
20°C 

Hsp16.41 
37°C 

Hsp16.48 
20°C 

Hsp16.48 
37°C 

bub-1 lin-35 trpp-5 CELE_W09G
3.7 

bre-1 fntb-1 CELE_W04C9
.2 

ifa-1 

dhp-2 atg-4.1 efk-1 CELE_W07E
11.1 

gst-42 CELE_F13H8.
3 

CELE_F33H2.
6 

wrk-1 

mpst-6 CELE_F48E8.
3 

adr-2 arr-1 gbh-1 tbb-6 efk-1 nish-1 

frm-4 ech-3 sec-6 spe-46 pho-1 CELE_F45H1
1.8 

myo-2 CELE_F10G8.
9 

ned-8 dhs-23 CELE_T07A9.
10 

gst-43 atg-16.1 hrg-7 alh-7 acn-1 

pudl-1 abt-4 tbp-1 unc-40 sec-6 oig-3 haao-1 gut-2 
zig-12 CELE_F25D1.

5 
mtp-18 vps-15 pfas-1 itx-1 mars-1 W03F8.3 

lgc-50 acs-21 rbc-1 knl-1 haao-1 rsa-1 fcp-1 F42H10.6 
fbxa-65 ugt-29 C39D10.8 itx-1 rfl-1 agef-1 sds-22 hacd-1 
tfg-1 arr-1 ldh-1 C13B9.2 vrk-1 trpp-4 arp-11 ttc-36 
cchl-1 oig-3 ags-3 faah-3 mpdu-1 acn-1 abcf-3 frm-5.2 
ced-12 ttc-36 mcu-1 adr-2 sip-1 CELE_Y41C4

A.32 
Hsp16.2 CELE_W02H5

.8 
wdr-4 hrg-7 ykt-6 pes-2.1 ppt-1 CELE_F13D12

.9 
mlt-3 memo-1 

CELE_R08C7.
8 

memb-1 tfg-1 CELE_K02F6.
7 

haly-1 mrpl-11 metl-17 sqv-6 

maoc-1 ifa-1 spr-5 acs-21 sec-3 mrp-1 CELE_F07F6.
8 

dhs-23 

rbg-2 CELE_W07E
11.1 

ppt-1 bus-5 mcu-1 tbp-1 spe-46 ptpn-22 

C31H2.4 tfg-1 pyk-1 W03F8.3 cogc-6 Hsp12.2 mvk-1 lin-35 
ipla-7 F31E3.4 pks-1 pis-1 gpcp-1 ten-1 ctf-4 CELE_F45H1

1.8 
lin-23 CELE_F13D1

1.4 
ttc-36 clec-83 atg-2 CELE_R74.8 B0024.11 mcu-1 

spr-5 gop-2 CELE_F45H1
1.8 

rig-3 wago-1 ech-3 pud-4 tnt-3 

hpo-12 Hsp12.2 asd-2 mcu-1 bub-1 syd-2 myo-5 CELE_M116.
5 

haly-1 CELE_F35D1
1.4 

CELE_R08C7
.8 

snap-1 R74.7 CELE_K02F6.
7 

pyk-1 ipmk-1 

CELE_F02D8.
4 

CELE_Y54E5
B.2 

CELE_F42F1
2.4 

srp-3 mec-15 F37H8.5 mrp-3 tfg-1 

crml-1 mrp-1 coa-1 Hsp12.2 enpl-1 tag-353 tald-1 npp-21 
C47G2.3 CELE_Y47G6

A.19 
CELE_Y18H1
A.4 

crn-2 rha-1 Hsp25 C37H5.13 Hsp12.2 

CELE_F57C2.
5 

CELE_T07A9.
10 

spe-46 taf-1 adr-2 lin-35 sip-1 gop-2 

szy-2 col-167 rbg-2 tfg-1 rbg-2 ttc-36 srp-6 cest-1.2 
E02H1.2 snap-1 ccnk-1 haf-2 soc-2 aka-1 cyp-25a3 CELE_R193.2 
vrk-1 CELE_W09G

3.7 
dhp-2 CELE_T01G5

.1 
ife-4 ptpn-22 gut-2 unc-40 

ykt-6 ugt-61 cpn-1 dhs-23 sbds-1 pad-2 fem-1 CELE_T26A8.
4 

unc-25 tcer-1 gut-2 lin-35 wdr-4 CELE_F48E8.
3 

elpc-2 CELE_T14G8.
3 

C47E8.4 dhps-1 CELE_T27D1
2.1 

CELE_T26A8.
4 

ndx-3 col-167 trr-1 C03G6.17 

tba-5 CELE_H24G0
6.1 

haly-1 frm-5.2 pbs-3 snap-1 Hsp12.1 pyk-1 

cogc-5 CELE_F07F6.
8 

CELE_Y55F3
BR.6 

dhp-2 daf-41 dhps-1 emc-3 dhs-4 

pbrm-1 lrp-2 smc-5 CELE_F21C1
0.10 

mmcm-1 bub-1 mrpl-47 haf-2 

CELE_W03F
11.4 

cua-1 ssb-1 ten-1 rbx-1 lin-13 eri-1 CELE_W07E1
1.1 

orc-4 acn-1 unc-116 unc-34 zyg-12 lin-10 CELE_F25E2.
2 

C47E8.4 

pyk-1 CELE_Y113G
7C.1 

asps-1 pat-6 hpo-40 rnp-2 skih-2 ltrpc4/ced-11 

atg-2 C33G3.4 rpap-3 F37H8.5 rad-8 CELE_T07F12
.1 

sfxn-2 inx-14 

CELE_F44E7.
4 

serr-1 dhs-4 CELE_W03F
11.4 

dot-1.1 C04E12.4 fbxa-65 ssup-72 
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Hsp16.1  
20°C 

Hsp16.1  
37°C 

Hsp16.2  
20°C 

Hsp16.2  
37°C 

Hsp16.41 
20°C 

Hsp16.41 
37°C 

Hsp16.48 
20°C 

Hsp16.48 
37°C 

C08B6.8 sqv-6 ipla-7 CELE_K07C5.
3 

math-33 dnc-1 math-20 ech-3 

abtm-1 lgc-50 ssup-72 ajm-1 B0361.3 C27H5.2 gbh-1 cyp-42a1 
CELE_Y71H2
B.5 

C24G6.8 C06A8.6 Hsp25 gcy-28 ndx-3 aipl-1 CELE_F48E8.
3 

unc-116 F42H10.6 CELE_Y67H2
A.7 

rgs-3 gls-1 tnc-2 him-4 CELE_K02F6.
7 

cap-2 rgs-3 CELE_F02D8
.4 

C33G3.4 ced-12 gst-43 CELE_T20F5.
6 

bub-1 

ltrpc4/ced-
11 

rig-3 CELE_F44E7.
4 

tnt-3 mtp-18 mec-17 txdc-9 ceeh-2 

ints-6 dhp-2 mrpl-41 aqp-7 F27D4.1 inx-14 acl-5 mpst-6 
trpp-11 CELE_F16H6

.10 
mrp-2 CELE_R193.2 fcp-1 CELE_R193.2 rfl-1 smz-1 

CELE_Y94H6
A.7 

pad-2 bcs-1 clec-47 C56C10.7 rcs-1 prdx-2 Hsp25 

CELE_M106.
3 

lin-13 cyp-13a12 lrp-2 gly-5 prp-38 lrp-2 hcp-2 

F10B5.2 lam-3 ptpn-22 oig-3 daf-25 adpr-1 soc-2 CELE_T24H1
0.4 

tnc-2 pxn-1 CELE_M01G
12.9 

CELE_F48E8.
3 

spg-7 pks-1 pnk-4 knl-1 

CELE_Y67H2
A.7 

CELE_R193.2 mel-28 C24G6.8 parp-1 npp-21 prp-19 dpl-1 

cdkr-3 vps-15 smk-1 C04E12.4 cct-3 rgs-3 unc-59 pks-1 
pap-1 pyk-1 row-1 gst-5 pas-3 CELE_K07C5.

3 
ntl-9 CELE_F22F4.

5 
F52C12.1 rcs-1 lrp-2 CELE_W04C

9.2 
uba-2 F31E3.4 CELE_M01G1

2.9 
AC3.5 

C25H3.11 C06A8.6 abtm-1 memb-1 C47G2.3 dhs-23 rha-1 C24G6.8 
CELE_Y37D8
A.25 

CELE_M116.
5 

CELE_K04A8
.1 

CELE_Y48G1
0A.2 

tfg-1 CELE_T12D8.
9 

hpo-40 CELE_K05C4.
7 

gst-43 wdr-12 hpo-11 CELE_T10B5.
3 

eef-1B.2 hcp-2 myo-1 CELE_W09G3
.7 

dpf-3 CELE_Y62E1
0A.20 

golg-2 pha-1 Y37H9A.3 clec-47 ppat-1 tcer-1 

gly-5 gst-5 ints-7 CELE_T14G8
.3 

prmt-1 pha-1 CELE_H20J04
.9 

clr-1 

C36B7.6 CELE_T13G4
.4 

unc-120 F42H10.6 cdkr-3 CELE_T14G8.
3 

acs-20 CELE_D1054.
3 

tag-340 Hsp25 CELE_T16G1
.4 

pmp-3 B0250.5 ketn-1 wago-4 cyp-13a12 

erp-44.1 smz-1 mmcm-1 cyn-15 pbs-5 C24G6.8 bus-5 acl-3 
ldh-1 pole-1 fzy-1 cyp-13a12 spr-5 pyk-1 rpn-10 dhps-1 
cox-15 ints-6 madd-3 alh-5 bicd-1 stim-1 CELE_Y55F3B

R.6 
ten-1 

C39D10.8 dnc-1 frm-4 cua-1 pps-1 sqv-6 T23G5.2 pat-6 
spe-46 haf-2 CELE_Y94H6

A.7 
gad-1 lpd-3 aqp-7 wdr-4 spe-46 

cua-1 CELE_T10B5.
3 

apm-3 C47E8.4 etr-1 ntl-3 atg-16.1 clec-83 

mmcm-1 bub-1 CELE_F29A7.
4 

n/a fbxa-72 mics-1 ubr-4 dcap-1 

rcan-1 CELE_W04C
9.2 

CELE_F58F9.
3 

CELE_T24H7
.2 

unc-34 CELE_T26A8.
4 

sbds-1 ctnb-1 

acs-20 mrpl-11 ugt-41 CELE_M116.
5 

ubr-4 unc-120 CELE_T21D9.
2 

map-2 

asps-1 CELE_T14G8
.3 

Hsp25 chd-3 ltd-1 CELE_F23B12
.4 

cku-80 snap-1 

CELE_K07A1
2.1 

ttr-5 cest-2.2 trpp-4 let-711 pmp-3 haf-3 lrp-1 

ints-8 cpd-2 atg-2 rpap-3 CELE_Y41C4
A.32 

set-29 rgr-1 msp-152 

ubr-4 cyn-15 sec-3 CELE_F42F1
2.4 

CELE_Y55F3B
R.6 

CELE_M116.
5 

CELE_F10G8.
9 

CELE_W03F1
1.4 

smc-5 CELE_Y62E1
0A.13 

CELE_F56B3.
4 

lmd-3 CELE_F45H1
1.8 

pmt-2 atg-18 CELE_T24H7.
2 

git-1 alh-5 git-1 dnc-1 rbm-26 CELE_Y38E10
A.22 

daf-41 prp-38 

CELE_F25E2.
2 

ipla-3 rad-50 ints-6 klp-12 CELE_Y94H6
A.7 

C02C2.6 F59B2.3 
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Hsp16.1  
20°C 

Hsp16.1  
37°C 

Hsp16.2  
20°C 

Hsp16.2  
37°C 

Hsp16.41 
20°C 

Hsp16.41 
37°C 

Hsp16.48 
20°C 

Hsp16.48 
37°C 

R74.7 acl-5 ppw-2 CELE_Y94H6
A.7 

dnj-25 lrp-1 dpf-3 dnc-1 

praf-3 mrps-17 ten-1 dnc-5 cash-1 CELE_F42F12
.4 

CELE_T26A5.
6 

pps-1 

adr-2 CELE_Y48G1
0A.2 

CELE_W03F
11.4 

ntl-3 CELE_F49E2.
5 

CELE_Y113G
7C.1 

szy-2 dhp-2 

CELE_D1054
.8 

adpr-1 CELE_M05D
6.2 

dhps-1 him-4 unc-25 cul-4 ketn-1 

pcyt-2.1 mrp-4 CELE_F13D1
2.5 

fbxa-72 rbc-1 mrpl-54 CELE_Y92H1
2BL.7 

F31E3.4 

C13B9.2 mrpl-50 ints-6 gut-2 CELE_Y92H1
2BL.7 

CELE_W09G3
.7 

smc-5 lgg-1 

snap-1 hacd-1 F46F11.1 snr-4 CELE_Y38F2A
R.12 

lgg-2 vrk-1 mrp-4 

CELE_F13D1
2.5 

tag-273 dnj-11 map-2 C44E4.5 AC3.5 dhs-18 CELE_F48E8.
4 

eef-1B.2 CELE_T16A1.
2 

CELE_T24B8.
7 

fem-1 C05C8.1 pps-1 mcu-1 B0491.7 

CELE_F56B3.
4 

cyp-33c9 sco-1 mrp-4 CELE_T08G1
1.4 

aipr-1 epg-7 tag-322 

CELE_K04A8
.1 

CELE_T24H7
.2 

tag-335 zig-12 glna-1 abt-4 CELE_Y48G8
AL.15 

frm-4 

ssup-72 map-2 CELE_F42G1
0.1 

ugt-61 poml-3 ipla-3 CELE_Y45F10
D.7 

mrp-6 

dnj-11 ipmk-1 acs-16 rnst-2 obr-2 cyp-33c9 cpn-1 CELE_W04C9
.2 

C56C10.7 F54C8.1 prp-38 tin-44 dnj-8 sfxn-2 W03F8.3 sec-3 
pyk-1 CELE_K02F6.

7 
fcp-1 acs-16 CELE_F52C12

.6 
unc-116 F10E9.4 fbxa-65 

CELE_M116.
5 

pps-1 lgl-1 pyk-1 ints-6 CELE_F13D11
.4 

F46F11.1 CELE_F23B12
.4 

rbm-26 zig-12 scp-1 sym-1 CELE_Y53C12
A.10 

CELE_W04C9
.2 

pgp-3 cyn-15 

math-38 npp-1 C47B2.9 rcs-1 dnj-16 spe-46 tag-335 CELE_F58E6.
13 

mel-28 ceeh-2 cest-17 sfxn-2 CELE_F56B3.
4 

pis-1 F31E3.4 chd-3 

lgl-1 dnc-5 snx-6 set-29 sql-1 ppw-2 crml-1 C04E12.4 
ints-7 tin-44 mut-14 pmt-2 mars-1 CELE_T24H7.

2 
C08F8.3 aipr-1 

CELE_Y47H9
C.8 

pmp-3 vps-15 BE0003N10.
1 

snx-6 hpo-11 kcc-1 npp-1 

fcp-1 CELE_T07F1
2.1 

eef-1B.2 rab-33 gut-2 gst-5 C02F5.3 unc-25 

snx-6 mxt-1 CELE_T26A8.
4 

ttr-5 dnc-1 npp-1 usp-50 snb-1 

coq-4 cogc-3 clr-1 rtcb-1 sac-2 inx-3 dars-2 tnc-2 
C02G6.2 ver-3 pcyt-2.1 CELE_D1005

.2 
pmp-3 zig-12 CELE_F45H1

1.8 
mics-1 

aos-1 CELE_Y38E1
0A.22 

lin-23 F59B2.3 CELE_F25E2.
2 

sym-1 mpdu-1 rfp-1 

lrp-2 CELE_F13D1
2.9 

miro-1 hpo-11 abtm-1 dnc-5 ssna-1 tfbm-1 

glod-4 CELE_F59A2.
5 

ugt-25 tbb-6 atg-7 pho-1 nud-1 srp-7 

pbs-5 sym-1 C47E8.4 CELE_F17E9.
5 

usp-50 cpsf-1 trpp-8 CELE_Y43C5
A.2 

CELE_Y94H6
A.12 

tnt-3 pcs-1 vps-26 crn-3 mrp-4 npp-12 hpo-11 

mag-1 moc-1 msh-6 ketn-1 clh-6 bicd-1 asd-2 T05H10.3 
apm-3 cest-1.2 mag-1 fbxa-14 CELE_F02D8.

4 
daf-41 ltrpc4/ced-11 pmt-2 

CELE_T01H3
.3 

B0280.9 gly-5 prp-19 mpst-6 msp-152 pycr-1 sym-1 

serr-1 tmed-1 CELE_Y62E1
0A.20 

dcap-1 hda-3 CELE_F35D11
.4 

sec-12 pmk-3 

atg-16.1 ketn-1 vha-19 fcp-1 mec-8 CELE_T16A1.
2 

msh-6 sgn-1 

CELE_Y76B1
2C.6 

CELE_F54F7.
3 

usp-39 adpr-1 dli-1 pat-6 F10B5.2 prp-19 
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Hsp16.1  
20°C 

Hsp16.1  
37°C 

Hsp16.2  
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Hsp16.2  
37°C 

Hsp16.41 
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Hsp16.48 
20°C 
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ppat-1 fbxa-14 F31E3.4 CELE_F52E4.
5 

CELE_M05D6
.2 

hcp-1 ced-12 mec-17 

sgn-1 ile-2 tnc-2 pps-1 pes-2.1 CELE_F56B3.
4 

asps-1 cua-1 

sac-1 fbxa-72 CELE_M106.
3 

cest-1.2 C01B4.6 eef-1B.2 sao-1 cul-2 

wdr-12 rfp-1 E02H1.2 C16A11.2 inos-1 F40A3.3 mlst-8 pis-1 
catp-8 pat-6 C47D12.2 CELE_Y43C5

A.2 
hpo-11 dhp-2 nekl-3 CELE_Y94H6

A.7 
maph-9 dhs-5 smz-1 dsl-3 unc-25 mcu-1 C06A8.6 dot-1.1 
pycr-1 cyp-13a12 CELE_M116.

5 
C03G6.17 CELE_R05H1

0.3 
CELE_F52E4.
5 

cest-2.2 CELE_F13H8.
3 

CELE_F42G1
0.1 

lrp-1 coq-4 pgp-14 ints-7 map-2 bpl-1 unc-120 

daf-41 exos-3 unc-25 CELE_Y37D8
A.25 

nud-1 vps-26 CELE_Y77E11
A.7 

fcp-1 

W03F9.1 lgg-1 snap-1 disl-2 plrg-1 dcap-1 madd-3 CELE_Y62E10
A.13 

sao-1 CELE_T05E7.
1 

glod-4 CELE_F23B1
2.4 

pbrm-1 prp-19 CELE_Y41D4
A.6 

wdr-12 

tag-335 hex-1 fem-1 CELE_F25E5.
5 

sars-2 rgl-1 cul-1 CELE_F07F6.
8 

Hsp25 fcp-1 wago-4 rme-1 cpn-1 fis-2 pcyt-2.1 arp-11 
erp-44.2 yop-1 ced-12 rcan-1 CELE_F46C5.

9 
smg-1 C04G6.4 adpr-1 

acy-1 CELE_T03G6
.1 

fbxa-14 pxn-2 CELE_H03A1
1.2 

fcp-1 ints-6 wah-1 

clr-1 lin-28 CELE_K07A1
2.4 

lgg-1 C08E8.4 sec-3 wago-1 disl-2 

wago-4 rbbp-5 pbrm-1 dnj-16 mrp-4 rnst-2 K03H1.5 ttr-59 
CELE_Y92H1
2BL.7 

fem-1 ppat-1 cgr-1 idi-1 cyp-13a12 bub-1 twnk-1 

smz-1 ags-3 pyk-1 fis-2 ikb-1 moc-1 tbp-1 CELE_D1069.
3 

mdt-17 pmt-2 lrp-1 CELE_K09E4.
3 

pgp-8 haf-2 CELE_K04A8.
1 

unc-116 

sec-6 prp-19 hmgr-1 arp-11 wdr-4 rme-1 frl-1 daf-41 
Y37H9A.3 dnj-16 rcan-1 CELE_T12D8

.9 
ten-1 hacd-1 ttc-36 CELE_T16A1.

2 
CELE_Y55F3
BR.6 

msp-78 sac-2 moc-1 ints-8 CELE_Y80D3
A.9 

mec-17 gst-5 

pacs-1 C49A9.9 aagr-2 mrp-6 C39D10.8 scc-2 timm-17B.1 cdk-7 
mau-2 CELE_F42F1

2.4 
kcc-1 enpl-1 smk-1 fbxa-72 ptpn-22 F54C8.1 

mvk-1 rab-33 pacs-1 CELE_ZK154.
1 

frm-4 ptc-1 fbxa-72 tag-273 

golg-2 cus-2 CELE_F54D5
.12 

ile-2 C27H5.2 snx-6 hcp-2 C31H2.4 

hpo-11 uda-1 him-4 lrp-1 CELE_Y110A7
A.9 

CELE_ZK154.
1 

sti-1 anp-1 

miro-1 CELE_ZK154.
1 

CELE_R144.1
1 

npp-1 dpf-3 lgg-1 coq-4 moc-1 

CELE_R144.1
1 

CELE_W03F
11.4 

pycr-1 CELE_F38B6.
4 

CELE_F11D5.
1 

CELE_T24H1
0.4 

CELE_K02C4.
3 

ubh-3 

atg-18 mmcm-1 sgn-1 mmcm-1 CELE_T04C9.
1 

mxt-1 Hsp16.1 CELE_F52B5.
3 

lact-3 fbxa-64 C44E4.5 CELE_T13G4
.4 

CELE_F49E8.
7 

gpx-1 CELE_Y87G2
A.2 

pho-14 

F44B9.8 C05D11.1 C47G2.3 CELE_Y66D1
2A.10 

trpp-8 srp-6 spr-5 klc-1 

ptpn-22 bigr-1 dpyd-1 C05D11.1 emc-1 CELE_Y54E5B
.2 

CELE_Y55F3B
R.6 

mig-14 

CELE_F45H1
1.8 

nekl-3 npp-12 hmgr-1 CELE_Y77E11
A.7 

fbxa-65 CELE_F44E7.
4 

him-4 

pole-1 pho-1 dna-2 F35H12.5 cest-2.2 rfl-1 ragc-1 clec-47 
soc-2 sor-1 atg-18 B0491.7 gft-2H4 cyn-15 snap-1 snx-6 
C44E4.5 tnc-2 F36D4.5 aph-2 CELE_F55F10

.1 
T20B12.7 pfkb-1.1 tin-44 

CELE_Y53C1
2A.10 

cul-2 daf-41 CELE_Y73C8
B.3 

pud-4 disl-2 map-2 CELE_Y66D1
2A.10 
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Hsp16.1  
20°C 

Hsp16.1  
37°C 

Hsp16.2  
20°C 

Hsp16.2  
37°C 

Hsp16.41 
20°C 

Hsp16.41 
37°C 

Hsp16.48 
20°C 

Hsp16.48 
37°C 

gpcp-1 srp-7 gpcp-1 frm-4 Hsp12.1 CELE_Y67H2
A.2 

CELE_T07A9.
10 

hmgr-1 

kcc-1 CELE_Y43C5
A.2 

soc-2 exc-4 CELE_F55A12
.5 

dhs-5 gst-42 ugt-25 

CELE_R04F1
1.5 

fbxa-65 arp-11 CELE_F46C5.
9 

lrp-2 gpb-2 CELE_K05B2.
4 

haf-6 

fem-1 unc-116 cyp-42a1 snx-6 CELE_W03F1
1.4 

enpl-1 CELE_D2063.
1 

CELE_F55G1
1.8 

exos-3 gut-2 mca-2 cul-2 ari-1.3 n/a  CELE_F48A11
.4 

CELE_Y54G1
1A.3 

disl-2 CELE_F20G2
.1 

haf-3 unc-116 smz-1 dpl-1 zhit-3 fbxa-72 

tag-131 cha-1 ari-1.3 erp-44.1 haf-2 CELE_F42A6.
6 

pas-3 CELE_T03G6.
1 

CELE_R05H1
0.3 

CELE_F23B1
2.4 

fbxa-65 mrpl-18 cyp-35a2 CELE_Y66D1
2A.10 

rcan-1 uda-1 

C05C8.1 cnx-1 tbce-1 ugt-2 CELE_F29A7.
4 

arp-11 Hsp17 CELE_Y47G6
A.5 

mut-14 trpp-5 aos-1 gpb-2 acs-21 tin-44 T20B12.7 hpo-40 
CELE_ZK858.
7 

C03G6.17 disl-2 CELE_Y47G6
A.5 

CELE_K02F6.
7 

srp-7 letm-1 enpl-1 

scp-1 enpl-1 CELE_Y55F3
BR.6 

fbxa-64 CELE_F48A11
.4 

CELE_Y43C5
A.2 

CELE_W03F1
1.4 

ncs-2 

C08F8.3 disl-2 wdr-12 haf-6 ech-8 C53A5.17 rbg-2 pmp-3 
ZK652.6 rme-1 sip-1 sac-1 CELE_F21A3.

3 
gakh-1 CELE_Y53G8

B.1 
dhs-5 

myo-6 ctnb-1 unc-89 klc-1 ccnk-1 lron-8 dot-1.1 mdt-18 
arp-11 CELE_D1069

.3 
exos-3 efk-1 haf-3 aos-1 CELE_T25G3.

3 
srp-6 

F44B9.2 mrpl-54 CELE_F13H8
.2 

CELE_R09H1
0.5 

aipl-1 CELE_T03G6.
1 

C02G6.2 cpsf-1 

klc-1 rcan-1 cpf-1 fut-8 dhs-4 pgp-14 smk-1 tald-1 
coa-1 anp-1 B0024.11 CELE_F13D1

1.4 
CELE_Y53C12
B.1 

CELE_D1069.
3 

dcap-1 CELE_F20G2.
1 

CELE_F31D4.
2 

gpb-2 myo-6 ver-3 CELE_T07A9.
10 

haao-1 lin-35 unc-22 

CELE_F46C5.
9 

srp-6 ubr-4 CELE_M05D
6.5 

spg-20 tald-1 B0205.13 lbp-6 

dna-2 cyk-3 CELE_K07A1
2.1 

sgn-1 usp-39 cul-2 aos-1 cas-1 

vps-33.1 CELE_Y39G1
0AR.9 

C56C10.7 CELE_Y71H2
B.5 

fbxa-65 rfp-1 coq-8 dnc-5 

F36D4.5 CELE_F58E6.
13 

egl-3 srp-7 CELE_R74.8 Y48A5A.1 mpst-6 cest-34 

B0024.11 C13B9.2 rfl-1 ttx-7 CELE_T05E12
.6 

CELE_W07E1
1.1 

tcc-1 CELE_F13A7.
1 

dpyd-1 CELE_F38B6.
4 

trm-2a hex-1 CELE_T23G1
1.7 

C05D11.1 golg-2 vps-26 

rgs-3 erp-44.1 usp-50 npp-21 iscu-1 nadk-2 arrd-17 daf-21 
CELE_K02C4.
3 

exc-4 C05C8.1 CELE_F58E6.
13 

tep-1 ints-6 CELE_T14B4.
1 

rme-1 

CELE_T10B1
0.3 

npp-21 unc-94 prmt-7 unc-73 haf-6 math-38 nadk-2 

CELE_F53E1
0.1 

AC3.5 vps-33.1 uda-1 CELE_R119.2 CELE_Y50D4
B.4 

fusm-2 gpb-2 

usp-50 cas-1 E02H1.6 rgl-1 CELE_R12E2.
13 

CELE_F52C12
.6 

myo-6 CELE_F44E5.
4 

unc-34 CELE_F49C1
2.7 

CELE_Y73F8
A.26 

CELE_K04A8
.1 

pole-1 C29F7.2 ikb-1 rab-33 

cpf-1 snx-6 C08F8.3 dhs-30 CELE_F33H2.
2 

mmcm-1 gcy-28 zig-12 

pud-4 aka-1 CELE_T21D1
2.12 

haao-1 myo-6 coq-4 ykt-6 eef-1B.2 

lpd-3 tald-1 prp-19 CELE_F13H8
.3 

CELE_F57C2.
5 

unc-22 msh-2 rfl-1 

CELE_F13H8
.2 

spg-20 upb-1 pho-1 math-20 pho-14 cpf-1 lron-8 

upb-1 hpo-11 CELE_K07A1
.17 

CELE_F45D1
1.15 

CELE_F25E5.
5 

saeg-2 ipla-3 CELE_Y113G
7C.1 

CELE_W10C
8.4 

gakh-1 pgp-3 pmk-3 mca-2 R12E2.11 fbxa-14 exc-4 
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Hsp16.1  
20°C 

Hsp16.1  
37°C 

Hsp16.2  
20°C 

Hsp16.2  
37°C 

Hsp16.41 
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Hsp16.41 
37°C 

Hsp16.48 
20°C 

Hsp16.48 
37°C 

mvb-12 gss-1 pbs-5 daf-21 C55A6.3 efk-1 smz-1 CELE_F38B6.
4 

unc-120 Y18D10A.3 aipl-1 CELE_F32A5.
8 

prg-1 gly-5 unc-120 CELE_ZK154.
1 

CELE_Y38E1
0A.22 

CELE_ZK550.
5 

lact-3 CELE_F49E8.
7 

dars-2 him-4 mrp-4 BE0003N10.1 

acl-9 pud-2.1 pcyt-2.2 uba-2 smgl-1 CELE_Y38F2A
R.12 

atg-2 leo-1 

him-4 T24H10.1 cpna-3 eef-1B.2 CELE_K07A1
2.1 

wdr-12 C47D12.2 smo-1 

bicd-1 aos-1 CELE_T26A5.
6 

CELE_F49C1
2.7 

cogc-5 mec-8 ttc-37 fubl-2 

CELE_T14B4.
1 

nra-4 CELE_Y71H2
B.5 

cest-34 syf-1 daf-21 CELE_F13D11
.4 

CELE_Y48G1
0A.1 

T23G5.2 cyn-2 ruvb-1 mtm-3 CELE_T20F5.
6 

msp-78 C27H5.2 ugt-47 

math-20 pmk-3 C02C2.6 CELE_ZK550.
5 

npp-12 BE0003N10.1 CELE_T23G1
1.7 

coq-4 

dars-2 npl-4.2 crn-3 lec-5 metl-17 uba-1 ajm-1 ttr-5 
iscu-1 lbp-2 uba-2 rfp-1 CELE_F42G1

0.1 
ugt-2 CELE_F02D8.

4 
CELE_Y38F2A
R.12 

smg-9 CELE_R09H1
0.5 

snx-1 T20B12.7 C56G2.15 anp-1 pbs-3 acs-21 

elpc-2 eef-1B.2 F44B9.2 srp-6 CELE_F48E8.
3 

pud-2.1 CELE_F55A12
.5 

mvb-12 

msh-6 pgp-14 odr-3 AC3.5 CELE_M106.
3 

dnj-16 snx-1 CELE_F49C12
.7 

C04E12.4 CELE_Y38F2
AR.12 

clh-6 CELE_K07A1
.17 

asps-1 pfkb-1.1 tgt-2 eif-3.H 

CELE_F26D2.
15 

F17A9.2 enpl-1 CELE_T16A1.
2 

rmd-6 hpo-40 pgp-14 cnt-1 

ruvb-1 sac-1 CELE_F46C5.
9 

C02G6.2 cpna-3 cbs-1 gakh-1 CELE_T07F12
.1 

F31E3.4 aipl-1 pole-1 CELE_K08D8
.6 

C02G6.2 T24H10.1 ppt-1 CELE_Y71H2
B.5 

hmgr-1 bicd-1 thoc-2 tald-1 C06A8.6 smo-1 lrp-1 C05D11.1 
R12E2.11 efk-1 pot-2 rfl-1 nlp-77 exc-4 CELE_F29A7.

4 
T20B12.7 

sams-1 haf-6 npp-23 unc-25 Hsp25 CELE_F48E8.
4 

atg-7 acs-20 

sucg-1 T20B12.7 T20B12.7 nra-4 npp-23 npp-12 cogc-6 thoc-2 
ppw-2 CELE_W04B

5.5 
sams-1 tomm-20 mut-14 dpyd-1 tbc-1 dnj-16 

tmed-1 B0491.7 T23G5.2 usp-14 C18E9.9 CELE_F49C12
.7 

egg-6 rbbp-5 

abcf-3 CELE_Y48G1
0A.1 

BE0003N10.
1 

uba-1 dnc-4 plrg-1 spg-7 letm-1 

gly-8 CELE_Y50D4
B.4 

CELE_K02C4.
3 

ugt-25 ntl-9 C52E4.5 bicd-1 C49A9.9 

gls-1 CELE_F21C1
0.7 

eel-1 egl-21 tost-1 C36A4.4 K02D10.1 unc-34 

mrp-6 unc-78 ulp-3 vem-1 pcyt-2.2 usp-14 gly-5 mtx-2 
eel-1 lec-5 CELE_T25G3

.3 
pho-14 pks-1 CELE_Y82E9B

R.14 
tomm-22 ver-3 

enpl-1 let-526 tag-131 fkb-6 pnk-4 CELE_Y48G1
0A.1 

rcs-1 CELE_Y50D4
B.4 

pmk-3 lron-8 ntl-9 cyp-29a2 snap-1 ced-7 dnc-4 pud-2.1 
CELE_F33H2
.6 

hmgr-1 Y37H9A.3 aos-1 prp-38 nud-1 pole-1 poml-3 

pcyt-2.2 pho-14 evl-18 aipl-1 unc-120 lem-4 mrp-2 cku-80 
copz-1 clec-47 C45G9.2 pole-1 scp-1 F58F12.1 CELE_F46C5.

9 
ptc-1 

grd-3 fkb-6 R12E2.11 CELE_T03G6
.1 

mrp-3 mtm-3 akt-1 cbs-1 

cest-2.2 daf-21 usip-1 cct-2 rabn-5 poml-3 etr-1 haao-1 
cgr-1 poml-3 cogc-6 cas-1 skih-2 CELE_K08D8.

6 
mec-8 pxn-2 

cul-1 daf-41 prmt-1 CELE_Y62E1
0A.13 

CELE_F09E5.
7 

CELE_Y39G8
B.1 

pbrm-1 CELE_ZC374.
2 

C02C2.6 elpc-2 F27D4.1 lbp-2 CELE_F09E5.
11 

npl-4.2 snx-6 pgp-14 
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Hsp16.1  
20°C 

Hsp16.1  
37°C 

Hsp16.2  
20°C 

Hsp16.2  
37°C 

Hsp16.41 
20°C 

Hsp16.41 
37°C 

Hsp16.48 
20°C 

Hsp16.48 
37°C 

aipl-1 CELE_T10B1
0.3 

sec-12 C29F7.2 rpn-5 C03G6.17 CELE_T24H7.
2 

fis-2 

pqn-80 dhs-30 mec-15 exos-4.2 CELE_F13D12
.5 

mrp-6 adr-2 gly-5 

dhs-5 CELE_Y66D1
2A.10 

CELE_T10B1
0.3 

glna-2 CELE_F13H8.
2 

CELE_F38B6.
4 

CELE_F38B6.
4 

uba-1 

CELE_Y41D4
A.6 

ugt-2 CELE_F26D2
.15 

poml-3 upb-1 thoc-2 CELE_T08G1
1.4 

W09C3.4 

rep-1 dcap-1 sucg-1 coq-4 git-1 cct-2 scp-1 CELE_Y55F3B
R.1 

npp-12 bpnt-1 CELE_T05E1
2.6 

pud-2.1 tba-5 vps-15 CELE_Y71H2
B.5 

nra-4 

pfkb-1.1 CELE_ZK899.
2 

CELE_W08G
11.1 

cyp-42a1 ctf-4 C02G6.2 praf-3 lin-13 

ttc-36 ula-1 mca-3 dhs-5 acy-1 selt-1.1 CELE_R08C7.
8 

gpx-1 

prmt-1 C44E4.5 elpc-2 hpo-40 mrp-6 rml-5 drh-1 ile-2 
C56G2.15 gly-5 dot-1.1 spg-20 CELE_F21C10

.10 
cash-1 hpo-11 aos-1 

B0280.9 haao-1 copz-1 selt-1.1 cpf-1 haf-3 thoc-2 idi-1 
C02F5.3 rskd-1 cul-1 ppat-1 acs-20 C37H5.13 dnj-16 C29F7.2 
usip-1 aph-2 pfkb-1.1 C02C2.6 ags-3 CELE_F26D2.

15 
ten-1 hoe-1 

clh-6 npp-12 atg-16.1 npl-4.2 golg-2 rbbp-5 miro-1 CELE_W01G7
.4 

trm-2a CELE_F56C9.
10 

rme-1 let-754 cyp-25a3 lin-28 dhs-5 CELE_ZK550.
5 

npp-23 rnr-2 CELE_ZK858.
7 

mpk-1 CELE_D2021.
4 

mpk-1 CELE_F55F10
.1 

npp-12 

B0205.13 rml-5 CELE_W10C
8.4 

bpl-1 acl-5 prmt-7 C44E4.5 ssb-1 

CELE_Y54G1
1A.3 

cct-2 ketn-1 CELE_Y50D4
B.4 

CELE_F35D11
.4 

kup-1 eel-1 bpnt-1 

CELE_Y38F2
AR.12 

sds-22 ndx-1 sid-2 mlcd-1 oxy-4 sucg-1 CELE_K08D8.
6 

B0250.5 ced-7 bicd-1 B0024.11 tbce-1 CELE_Y54E10
A.6 

cogc-5 CELE_F32A5.
8 

mca-2 CELE_Y80D3
A.9 

rad-8 CELE_Y38F2
AR.12 

CELE_F38B6.
4 

cas-1 gft-2H4 sta-2 

CELE_Y53G8
B.1 

prmt-7 ZK632.12 C44E4.5 abcf-3 ssb-1 mel-28 CELE_K09E2.
3 

T20B12.7 plrg-1 unc-34 C49A9.9 CELE_F42F12
.4 

uba-2 sac-2 elpc-2 

pcs-1 ppat-1 acl-7 clr-1 CELE_F43G6.
8 

CELE_Y37D8
A.25 

lin-23 CELE_Y73C8B
.3 

mca-3 smgl-1 CELE_Y38F2
AR.12 

cyp-33c9 CELE_F46B6.
6 

letm-1 pcyt-2.2 B0024.11 

ced-7 mrp-6 CELE_Y41D4
A.6 

CELE_Y54E1
0A.6 

Hsp17 nra-4 rbc-1 pho-1 

cyn-15 kup-1 C02F5.3 npp-12 bus-5 n/a  B0361.3 bpl-1 
CELE_Y55F3
BR.6 

gly-8 gakh-1 elpc-2 apm-3 CELE_ZK550.
5 

CELE_T03G6.
1 

nud-1 

ntl-9 rnst-2 timm-17B.1 dpyd-1 bcs-1 CELE_R09H1
0.5 

C18E9.9 selt-1.1 

snx-1 Y18D10A.9 ced-7 H24K24.3 mrp-2 CELE_F32A5.
8 

tfbm-1 CELE_T19D1
2.4 

CELE_T21D9
.2 

tomm-20 CELE_Y87G2
A.2 

npp-2 CELE_F58F9.
3 

erp-44.1 row-1 CELE_T27A3.
7 

acdh-13 CELE_F45D1
1.15 

akt-1 CELE_F26D2
.15 

myo-5 unc-34 dnc-1 cyp-29a2 

CELE_D1069
.3 

eif-3.H atg-7 pcp-3 cest-17 CELE_T23G1
1.1 

zig-12 rml-5 

CELE_F58A6.
1 

letm-1 cct-2 R12E2.11 crml-1 sds-22 cbp-1 chat-1 

CELE_F10D2.
10 

chat-1 daf-21 ula-1 pycr-1 CELE_K09E2.
3 

R12E2.11 pfkb-1.1 

sup-36 uba-1 CELE_F55A1
2.5 

CELE_Y39G8
B.1 

lact-3 elpc-2 mag-1 T03F6.3 

akt-1 gpx-1 evl-20 crn-3 CELE_R03E9.
2 

prdx-2 CELE_Y67H2
A.7 

cash-1 
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20°C 
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gop-3 cpr-5 C37H5.13 C05C8.1 cku-80 mrp-5 CELE_R144.1
1 

ced-7 

mrp-4 W09C3.4 pud-4 bpnt-1 CELE_R08C7.
8 

clec-83 F36D4.5 gstk-1 

prdx-2 fubl-1 ltd-1 ima-2 CELE_T03G6.
1 

gstk-1 C08B6.8 ykt-6 

cyp-42a1 CELE_F55G1
1.8 

B0250.5 ptc-1 ppat-1 fkb-6 clr-1 erp-44.1 

pmp-3 mek-2 bli-3 smo-1 hcp-2 lis-1 tnc-2 cct-2 
adbp-1 thoc-2 coq-8 rml-5 epg-7 ctnb-1 CELE_K07A1

2.1 
CELE_Y80D3
A.9 

suf-1 npp-14 cct-1 sap-49 col-167 CELE_Y73C8B
.3 

mtp-18 CELE_Y54E10
A.6 

algn-3 CELE_F44E5.
4 

sars-1 hacd-1 CELE_T14B4.
1 

B0491.7 dpyd-1 CELE_Y39G8
B.1 

rad-8 H24K24.3 gop-3 CELE_Y48G1
0A.1 

pgap-1 aipl-1 cgr-1 npp-14 

cct-2 him-4 alh-13 him-4 CELE_T21D9.
2 

CELE_F45D11
.15 

ags-3 usp-14 

sip-1 CELE_Y39G8
B.1 

CELE_F33H2
.6 

gss-1 rsf-1 let-754 algn-3 ruvb-1 

CELE_F09E5.
11 

usp-14 pgp-14 CELE_Y69A2
AR.19 

CELE_T24H7.
2 

lbp-6 nnt-1 cha-1 

ndx-1 npp-11 CELE_T21D9
.2 

W09C3.4 CELE_T25G3.
3 

dhs-30 lgl-1 npp-16 

uba-2 CELE_T27A3.
7 

col-166 cnt-1 CELE_T26A5.
6 

par-5 CELE_F33H2.
2 

sds-22 

ragc-1 uba-2 apg-1 tmed-10 CELE_T26A8.
4 

CELE_H20J04
.9 

rsf-1 pap-1 

F27D4.1 tmed-10 CELE_Y23H5
B.5 

cpr-5 CELE_T27D1
2.1 

ula-1 idi-1 copz-1 

prp-19 C56G2.15 CELE_M01F1
.9 

T24H10.1 cdd-1 CELE_F13A7.
1 

pbs-5 CELE_H20J04
.9 

ttr-51 gcy-28 abcf-3 acy-1 pmt-2 CELE_Y47G6
A.5 

T24H10.1 ppat-1 

CELE_F52C1
2.6 

cyn-12 CELE_R74.8 ncbp-1 acl-9 cyp-29a2 CELE_F49E8.
7 

T24H10.1 

wdr-4 let-754 gana-1 eif-3.H CELE_ZC374.
2 

H24K24.3 haf-2 vha-20 

pgp-3 unc-34 fbxa-72 alh-7 vps-15 gly-8 cdkr-3 uba-2 
CELE_F21D5.
1 

vem-1 rpn-5 F09G8.7 CELE_Y62E10
A.20 

B0024.11 haly-1 plrg-1 

plrg-1 cyp-29a2 wdr-4 tbc-14 mrpl-47 cyp-42a1 ZK652.6 trpp-1 
myo-5 selt-1.1 sars-2 sptl-2 C05D12.3  sdz-8 gly-8 
bpl-1 unc-22 math-33 thoc-2 cogc-3  pfas-1 lam-3 
CELE_T24A6.
20 

cbs-1 CELE_T20F5.
6 

ruvb-1 B0205.13  bcs-1 gly-10 

gna-2 dpyd-1 bre-1 lis-1 pyk-1  cogc-3 efk-1 
ketn-1 ima-2 prdx-2 abtm-1 mrp-1  adbp-1 haf-3 
prg-1 C02G6.2 mrp-4 bigr-1 pudl-1  riok-3 exos-4.2 
mek-2 BE0003N10.

1 
hrg-4 CELE_H20J0

4.9 
adpr-1  ints-7 arx-7 

C49A9.9 fis-2 CELE_F09E5.
11 

CELE_Y51A2
D.13 

CELE_H20J04
.9 

 obr-2 CELE_F13G3.
6 

rbg-1 lis-1 dif-1 tag-96 mvk-1  pudl-1 ttx-7 
mob-4 atg-7 CELE_K06A5

.2 
letm-1 CELE_F10G8.

9 
 C31H2.4 npp-24 

fbl-1 timm-17B.1 F17A9.2 CELE_F09E5.
11 

CELE_D1069.
3 

 CELE_K06A5.
2 

klp-12 

haf-3 CELE_Y54E1
0A.6 

gna-2 ssb-1 CELE_F27C1.
2 

 sec-3 C02G6.2 

atg-7 CELE_F32A5.
8 

gbh-1 CELE_Y80D3
A.9 

pyk-1  aipr-1 ula-1 

daf-21 acy-1 CELE_F21D5
.1 

emc-6 CELE_M01F1.
9 

 prp-38 pfd-3 

rars-2 sars-2 mek-2 ragc-1 CELE_F44E7.
4 

 C47B2.9 cyk-3 

CELE_Y87G2
A.2 

coq-4 cct-3 pap-1 apg-1  C39D10.8 unc-78 

alh-13 srp-3 K03H1.5 ced-7 CELE_F07F6.
8 

 pap-1 CELE_F45D11
.15 
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Hsp16.1  
20°C 

Hsp16.1  
37°C 

Hsp16.2  
20°C 

Hsp16.2  
37°C 

Hsp16.41 
20°C 

Hsp16.41 
37°C 

Hsp16.48 
20°C 

Hsp16.48 
37°C 

cct-1 CELE_F42C5.
9 

prg-1 sds-22 tbc-1  CELE_ZK858.
7 

B0511.7 

fbxa-72 rfl-1 dcap-1 cht-3 tli-1  CELE_T20D3.
6 

sars-2 

sec-12 abtm-1 CELE_T14B4.
1 

sucg-1 CELE_F26A3.
1 

 klc-1 tep-1 

snx-17 smo-1 acy-1 dot-1.1 exos-3  fkb-4 CELE_T12A2.
1 

sars-1 CELE_Y73C8
B.3 

gfm-1 CELE_F52C1
2.6 

dnj-11  C56C10.7 par-5 

CELE_T20F5.
6 

B0024.11 mvk-1 sams-1 CELE_K04A8.
1 

 sco-1 rbg-2 

crn-3 dlc-1 CELE_D2045
.9 

cbs-1 CELE_ZK858.
7 

 emb-27 cht-3 

cct-3 trpp-8 spg-7 rod-1 CELE_Y67H2
A.7 

 let-711 CELE_ZK899.
2 

CELE_R74.8 cyn-5 pas-3 prmt-1 C37H5.13  ndx-3 crn-3 
dli-1 ent-1 nra-2  CELE_R144.1

1 
 unc-94 CELE_F52C12

.6 
CELE_H20J0
4.4 

gpi-1 msp-10  mca-3  odr-3 vem-1 

rfl-1 ykt-6 myo-5  fusm-2  CELE_M106.
3 

prmt-7 

cha-1 CELE_F52C1
2.6 

rpn-10  CELE_M116.
5 

 CELE_F58F9.
3 

npl-4.2 

syf-1 F09G8.7 syf-1  ttc-37  aka-1 C04G6.4 
rad-54.b rml-4 let-711  pcyt-2.1  CELE_F13D12

.5 
CELE_F12E12
.11 

F17A9.2 CELE_F26D2.
15 

B0280.9  frl-1  C25H3.11 Y18D10A.9 

spg-7 sams-1 dli-1  CELE_Y18H1
A.4 

 ari-1.3 timm-17B.1 

math-33 rod-1 srp-6  fbxa-14  tba-5 CELE_W03D8
.9 

apg-1 haf-3 zhit-3  tcc-1  sec-6 srp-3 
CELE_Y59A8
B.8 

usp-5 pmp-3  eel-1  sta-2 CELE_T23G1
1.1 

rpn-5 eif-6 tag-96  snx-1  col-167 ipgm-1 
unc-94 npp-16 math-20  CELE_K05B2.

4 
 CELE_ZC204.

12 
F58F12.1 

CELE_W08G
11.1 

ncbp-1 add-1  arp-11  CELE_T16G1.
4 

fkb-6 

CELE_F25E5.
5 

pap-1 myo-2  CELE_Y55F3B
R.6 

 rbx-1 aipl-1 

F07F6.4 icln-1 rps-21  dcap-1  C47G2.3 C44E4.5 
map-2 ath-1 gars-1  pcaf-1  CELE_F57C2.

5 
rsp-4 

pgp-14  CELE_F44E5.
4 

 msh-6  pes-7 CELE_Y71H2
AM.6 

bre-1  acs-13  exos-4.2  exos-3 rep-1 
mdt-18  CELE_H20J0

4.9 
 szy-2  CELE_F56B3.

4 
atg-7 

parg-1  CELE_Y48G8
AL.15 

 ppw-2  cua-1 dpyd-1 

pas-3  acdh-3  pfkb-1.1  trpp-11 immt-1 
wago-1  F52C12.1  spe-5   gpi-1 
timm-17B.1  CELE_R10E4.

1 
 trm-2a   C39B5.5 

let-711  C37C3.2  elpc-2   C05C8.1 
sars-2    ykt-6   eea-1 
acdh-3    grd-3   ags-3 
CELE_Y77E1
1A.7 

   CELE_W04C9
.2 

  mrp-5 

gfm-1    emc-3   ZK1307.4 
gana-1    CELE_Y48C3

A.12 
  oxy-4 

K02D10.1    CELE_Y47H9
C.8 

  wdr-5.1 

CELE_Y53C1
2B.1 

   pap-1   3E324 

sds-22    C47B2.9   asah-1 
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Hsp16.1  
20°C 

Hsp16.1  
37°C 

Hsp16.2  
20°C 

Hsp16.2  
37°C 

Hsp16.41 
20°C 

Hsp16.41 
37°C 

Hsp16.48 
20°C 

Hsp16.48 
37°C 

dot-1.1    CELE_D2063.
1 

  ddi-1 

CELE_R12E2.
13 

   trpp-6   CELE_K01A2.
5 

CELE_T26A5.
6 

   CELE_T16G1.
4 

  spds-1 

C04F12.1    CELE_K05C4.
7 

  ugt-2 

cogc-6    CELE_F57G4.
1 

  F17A9.2 

CELE_R01H1
0.7 

   C30H6.9   cus-2 

gars-1    CELE_R03G8.
6 

  CELE_Y48G8
AL.15 

CELE_F52G2
.3 

   spe-46   mca-2 

coq-8    kcc-1   gss-1 
C04G6.4    CELE_Y76B12

C.6 
  ran-5 

mlst-8    ketn-1    

dif-1        

fars-3        

unc-73        

mrp-7        

CELE_H04M
03.3 

       

sti-1        

CELE_Y39A3
CL.1 

       

sbds-1        

tag-96        

pyk-1        
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Table S2. Results of the statistical analysis of the Hsp16’s interactome. The values were 

calculated for the significant interactors. The protein sequences were taken from UniProt and 

calculated in Expasy and GRAVY calculator. 

 Mean Min Median Max 

GRAVY 

Mean Min Median Max 

hsp16.1 -0,33438 -1,2709 -0,34273 0,94699 -0,35037 -1,17633 -0,3525 0,62008 

hsp16.2 -0,34505 -1,15993 -0,35259 0,73017 -0,33775 -1,27938 -0,33549 0,62008 

hsp16.41 -0,35893 -1,29918 -0,36766 0,92704 -0,36264 -1,1961 -0,36357 0,62008 

hsp16.48 -0,35787 -1,35333 -0,36781 0,94699 -0,35842 -1,77347 -0,35257 0,62008 

C.elegans 
DB 

-0,2871 -2,84256 -0,32366 2,77 -0,2871 -2,84256 -0,32366 2,77 

     

pI 

    

hsp16.1 6,5197 4,01 6,17 11,36 6,36102 4 6,08 9,88 

hsp16.2 6,49839 4,01 6,15 9,78 6,35055 4,38 6,02 9,88 

hsp16.41 6,47452 4,01 6,13 9,79 6,34467 4,01 6,04 9,88 

hsp16.48 6,43602 4,01 6,1 11,36 6,32319 4,01 5,985 11,76 

C.elegans 
DB 

7,2491 3,13 6,97 13,26 7,2491 3,13 6,97 13,26 

     

Mw 

    

hsp16.1 73491,62 6837,91 52985,52 864990,2 72344,19 6837,91 51336,03 864990,2 

hsp16.2 77891,47 6837,91 54028,52 891809,2 68948,95 6837,91 50662,72 557550,1 

hsp16.41 78965,79 6837,91 55525,59 891809,2 73826,83 9146,41 50038,71 864990,2 

hsp16.48 79659,57 6837,91 54720,84 864990,2 70009,48 6837,91 50505,83 864990,2 

C.elegans 
DB 

51065,14 922,98 37538 1680884 51065,14 922,98 37538 1680884 

 20°C  37°C 
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Figure S1. Peptide coverage maps of H/DX-MS analysis for Hsp16s. The identified peptides 

are illustrated in blue. The sequence coverage ranges between 84.6% to 97.2%.  

  

Hsp16.1

Hsp16.2

Hsp16.41

Hsp16.48
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Figure S2. Genomic position of Hsp16 genes and the position of the mutations according. 

The genes are illustrated in magenta or blue. The mutations (deletion or complex substitution) 

in the mutant strains are highlighted in yellow. Ok577 and gk249 are genetic variations of 

RB791 and VC475 strains, respectively, that are available from CGC. Tm1221 and tm1093 are 

genetic variations of strains with the same name that are available from NCBP. The data is 

adapted from Wormbase. 
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List of abbreviations 
 

sHsp   small heat shock protein  
aa   amino acid 
ACD   α-crystallin domain  
ACN   acetonitrile 
ADP  adenosindihosphate 
ALP  autophagosomal-lysosomal pathway 
Amp   ampicillin  
ATP   adenosintriphosphate 
AUC   analytical ultracentrifugation 
BCA   bicinchoninic acid 
bp   base pairs 
BP  biological process 
BSA   bovine serum albumin  
Cys   cysteine  
CD    circular dichroism  
CE  Caenorhabditis elegans 
Co-IP  co-immunoprecipitation 
CS  citrate synthase 
CTR   C-terminal region 
Da   Dalton 
DNA   deoxyribonucleic acid 
DBD  DNA binding domain 
dNTP   deoxynucleotide triphosphate 
DHIC  DDL-1 containing HSF-1 inhibitory complex 
DTT   dithiothreitol   
ER  endoplasmic reclum  
FA   formic acid 
FC  fold change 
FDR   false discovery rate 
FRET  Förster resonance energy transfer 
Fwd  Forward 
FwdRev Forward-Reverse (primer) 
gDNA  genomic DNA 
GO   gene ontology 
H/DX   hydrogen deuterium exchange 
HPLC   high performance liquid chromatography 
HSE   heat shock element 
HSF-1  heat-shock factor-1 
HSR   heat shock response 
IAA  iodoacetamide 
IDR  intrinsically disordered region 
IGF-1  insulin-like growth factor-1 
IIS  insulin-like growth factor-1 signalling pathway 
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INS  insulin-like peptides 
IPTG  isopropyl β-d-1-thiogalactopyranoside integrated stress response 
KD  knock-down 
KO   knock-out 
LB0   lysogeny broth 
LFQ   label-free quantification 
MALS   multi angle light scattering 
MD   middle domain 
MDH   malate dehydrogenase 
mRNA  messenger RNA 
MS  mass spectrometry 
MW   molecular weight 
NBD   nucleotide binding domain 
NC  nitrocellulose 
NGM  Nematode Growth Medium 
nt  nucleotide 
NTR   N-terminal region 
OD  optical density 
PBS-T  phosphate buffered saline with tween 
PCR  polymerase chain reaction 
pI  isoelectric point 
PTMs  post-translational modifications 
PQC  protein quality control 
Rev  reverse 
RI  refractive index 
RNAi  RNA interference  
rpm   rotations per minute 
RT  room temperature  
S (AUC)  Svedberg 
SBD  substrate binding domain 
SD  standard deviation  
SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEC  size exclusion chromatography  
SG  stress granule 
SWL  single worm lysis 
TEM  transmission electron microscopy 
Tris  Tris(hydroxymethyl)-aminomethane 
UPS  ubiquitin-proteasome system 
UV  ultra violet 
WT  wild type 
Δ   deletion 
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