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Abstract 

 

Heat shock cognate protein 70 (HSC70) is a 71 kDa chaperone protein belonging to the 

ubiquitous family of heat shock proteins 70 (Hsp70). The representatives of this protein family 

are considered as molecular machines with ATP-hydrolase activity facilitating correct folding 

of spatial protein structure, both in normal and stressful conditions (hypoxia, heat shock, pH 

fluctuations etc.) In addition, HSC70 was identified as an uncoating enzyme for triskelion 

meshwork on the surface of clathrin-coated vesicles. Among other roles, HSC70 prevents 

protein aggregation and assists the polypeptide maturation, it facilitates the protein transport 

into organelles, such as endoplasmic reticulum and mitochondria. It is involved in targeting 

proteins for lysosomal degradation and in many other dramatically important cellular processes 

related to protein homeostasis. Therefore, the regulation of HSC70 and other HSP70 proteins 

is believed to be dramatically important, especially in a context of cellular stress. Based on the 

experimental observation, the mechanism of inactivation through oligomerization was 

hypothesized. The dimer and trimer species of Hsp70 proteins were identified both in case of 

prokaryotic and eukaryotic homologs. It was also speculated that Hsp40 cofactors promote 

oligomerization to even higher-order oligomers. This and other possible oligomerization 

models of wild type HSC70 and the certain subset of HSC70 mutants were investigated by 

cross-linking mass spectrometry. The distance constraints between certain amino acid residues 

imposed by the cross-linker length allowed us to build structural models of Hsc70 oligomeric 

species. To decipher inter/intra molecular restraints and allow the precise mapping of identified 

cross-links, the studied proteins were produced and analyzed in a mixture containing 14N- and  

15N-labeled form. 

 

 

 

 

 

Keywords: Structural biology, Mass spectrometry, Protein structure, Protein-protein 

interaction, Allostery, Chaperones, Heat shock proteins, HSC70  
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Abstrakt 

 

Příbuzný protein teplotního šoku (HSC70) je 71 kDa chaperon patřící ke všudypřítomné rodině 

proteinů teplotního šoku 70 (Hsp70). Zástupci této proteinové rodiny jsou považováni za 

molekulární stroje s ATPázovou aktivitou, které usnadňují správné sbalování prostorové 

struktury proteinů jak za normálních, tak i za stresových podmínek (hypoxie, tepelný šok, či 

kolísání pH). HSC70 navíc funguje jako enzym rozbalující vrstvu triskelionu na povrchu 

klatrinových váčků. Další rolí HSC70 je např. zamezení agregace proteinů, asistence při 

maturaci polypeptidového řetězce a usnadnění transportu proteinů do organel, jako jsou 

endoplazmatické retikulum a mitochondrie. HSC70 se účastní směrování proteinů určených k 

degradaci do lysosomů a v mnoha dalších kriticky důležitých buněčných procesech spojených 

s homeostází proteinů. Tudíž, regulace HSC70 a jiných proteinů HSP70 je považována za velmi 

důležitou, obzvlášť v kontextu buněčného stresu. Na základě experimentálních pozorování byl 

navržen mechanismus inaktivace za pomoci oligomerizace. Dimery a trimery proteinů Hsp70 

byly identifikovány jak u prokaryotických, tak u eukaryotických homologů. Byla také 

diskutována role proteinového kofaktoru Hsp40 ve stimulaci oligomerizaci Hsp70 do vyšších 

oligomerů. Tento a jiné možné modely oligomerizace „divoké“ varianty HSC70 a určité sady 

mutantů HSC70 byly studovány pomocí hmotnostní spektrometrie s použitím síťovacích 

činidel. Díky omezování vzdáleností mezi určitými aminokyselinovými zbytky, které je určeno 

délkou zvoleného síťovadla, bylo možné vytvořit strukturní modely oligomerů HSC70. 

Abychom zlepšili prostorové rozlišení síťovacího experimentu a dokázali přesně namapovat 

identifikované zesítění, byly studované proteiny připraveny ve formách 14N a 15N. 

 

 

 

 

 

Klíčová slova: Strukturní biologie, hmotnostní spektrometrie, Struktura proteinů, Interakce 

proteinů, Alosterie, Chaperony, Proteiny teplotního šoku, HSC70 
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Introduction 

 

The heat shock protein 70 (Hsp70) family is found in both prokaryotic and eukaryotic 

organisms, including Drosophila and Homo sapiens (Dwornczak and Mirault 1987). It consists 

of many homologous proteins, molecular chaperones, which share a similar set of functions - 

acting as a protection and support of the correct protein folding during the cell cycle and helping 

to prevent or alleviate the consequences of various cellular stresses, such as hypoxia, heat shock 

or pathological states (Balchin et al. 2016; Mogk et al. 2018). The Hsp70 family isn’t the only 

one belonging to chaperones – there are many other families different in mechanism of action, 

but fulfilling the same general function: assist protein folding and prevent misfolding events 

(Ellis and van der Vies, 1991). 

During various cellular stresses, the expression of certain chaperone genes (mostly Hsp70 

family) is highly upregulated to secure a cell from the protein unfolding danger (Lindquist 

1986). This natural reaction of cell physiology named heat shock response leads to high 

concentrations of translated chaperones in cytosol. After the stress is no longer acting, the 

abundant pool of Hsp70 must be eliminated or at least inactivated due to the substantial negative 

effect of Hsps on the cell growth, which can be explained by the formation of Hsp70-granules 

(Feder et al. 1992). Since the proteolytic machinery can’t degrade the inactive pool of Hsp70-

granules in a sufficiently short period of time, the rapid and reversible mechanism of 

inactivation has to be engaged. The first step of reversible inactivation is believed to be  Hsp70 

oligomerization, which might be then followed by the certain PTMs of Hsp70 molecules 

(Preissler et al. 2015). The exploration of this first step and elucidation of the formed 

oligomeric structures of Hsp70 is critical to understanding of the mechanism of reversible 

Hsp70 inactivation. 

Mass spectrometry belongs among the modern structural biology methods. In the past decades, 

this technique became critically important in studying both the whole proteomes and individual 

proteins, e.g., conformational changes of a protein, protein-protein or protein-ligand interaction 

in noncovalent complexes (Sharon 2010; Dyachenko et al. 2013). One of such techniques 

implements the covalent fixation of protein-protein complexes using cross-linkers – organic 

compounds specifically reacting with certain amino acid residues in proteins and linking them 

together (Sinz 2006). In the case of studying homo oligomers by MS, it is necessary to exploit 

a labeling technique to distinguish intra-subunit and inter-subunit cross-linked sites, because 

the amino acid sequence of subunits in a complex is identical. One of the most reliable 

techniques is the protein isotope labeling, which takes an advantage of prototrophic bacterial 

https://www.zotero.org/google-docs/?LEiO0g
https://www.zotero.org/google-docs/?LEiO0g
https://www.zotero.org/google-docs/?LEiO0g
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strains for heterologous protein expression, e.g. E.coli; the production of a protein containing 

heavy isotopes of widespread biogenic elements, such as 15N or 13C, is based on the bacterial 

cultivation on a minimal medium containing inorganic substrates as a source of these isotopes 

(Marley et al. 2001; Morgner et al. 2015). 

We have successfully investigated and described the oligomerization of human HSC70, the 

target Hsp70 family member, and subsequently created the different HSC70 dimer models in 

situ, which was the aim of the work. In the following chapters I would like to give a theoretical 

insight into chaperones and the Hsp70 network, introduce various MS techniques (and XL-MS 

in particular) as a very promising tool of structural biology and discuss the experimental part. 

 

 

Chaperone network: the concept and representatives 

 

Proteins represent highly complex biological polymers made up of amino acids connected via 

amide, or peptide, bonds, which are formed by virtue of ribosomal catalysis during the process 

of translation. The biological function of a protein can be fulfilled only in the case if its primary 

structure, i.e., polypeptide chain adopts the native spatial configuration by reaching one of the 

thermodynamic energy minimums; nevertheless, for a given protein chain there are always 

multiple ways to fold into native state (Dobson et al. 1998). Several scenarios of this process 

have been devised in recent decades to attempt to explain the protein folding process, such as 

the framework model and the hydrophobic collapse model. In addition, a number of energy 

landscape models have been proposed to depict the process of folding based on the biophysical 

observations and calculations (Dill et al. 1995). The most widely accepted landscape model, 

the “rugged” landscape, takes into account the existence of multiple energy minima, as well as 

intermediate folded states adopting those minima. This type of spatial energy diagram is more 

plausible due to the existence of a huge number of possible short- and long-distance interactions 

in a protein, which cannot be all satisfied at once, therefore creating a palette of folding 

intermediates and partially folded protein species (Bryngelson et al. 1995; Ferreiro et al. 2007) 

. While folding intermediates are localized on declines of the energy funnel eventually leading 

to the natively folded states, many of the partially folded protein entities may lead to misfolded 

states. The “competing” weak interactions described above can create these local energy 

minima with high energy barriers; consequently, non-native protein configurations can be 

trapped in the local energy minima without reaching a biologically correct spatial structure. 

These partially folded protein species are often very prone to aggregation forming amorphous 

https://www.zotero.org/google-docs/?GrPQLL
https://www.zotero.org/google-docs/?GrPQLL
https://www.zotero.org/google-docs/?GrPQLL
https://www.zotero.org/google-docs/?GrPQLL
https://www.zotero.org/google-docs/?GrPQLL
https://www.zotero.org/google-docs/?YM7BHi
https://www.zotero.org/google-docs/?YM7BHi
https://www.zotero.org/google-docs/?YM7BHi
https://www.zotero.org/google-docs/?YM7BHi
https://www.zotero.org/google-docs/?q3M5oA
https://www.zotero.org/google-docs/?q3M5oA
https://www.zotero.org/google-docs/?q3M5oA
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aggregates, inactive oligomers or, in the extreme cases, amyloid fibrils (Jahn and Radford 

2005). All of these protein aggregates are extremely toxic and dangerous to cells and are 

involved in their aging and death. In this context, the critical role in preventing these 

aggregation events and facilitating the correct folding of proteins belongs to molecular 

chaperones. 

The term “molecular chaperones” can be defined as “a protein that binds to and stabilizes an 

otherwise unstable conformer of another protein and by controlled binding and release of the 

substrate protein, facilitates its correct fate in vivo: be it folding, oligomeric assembly, transport 

to a particular subcellular compartment, or controlled switching between active/inactive 

conformations” (Hendrick and Hartl  1993). According to this definition, a chaperone must 

bind to structural motifs of an unfolded protein or a monomer of oligomeric assembly, which 

are not present in their final native structure. These motifs are exposed to the environment and 

therefore can be bound by chaperones.. The increased proportion of partially folded or 

completely unfolded proteins is often observed in stressful conditions, such as heat shock, 

presence of certain compounds etc. As a consequence, an enhanced expression of certain 

chaperones in hyperthermal conditions was detected; therefore, those heat-induced chaperons 

acquired the name “heat shock proteins”, or Hsps (Nover and Scharf 1984). Eventually, this 

name has stuck to all molecular chaperones present in a cell genome. To classify various types 

of chaperones, the values of their molecular weight in kilodaltons (kDa) were taken into 

account, so classes like Hsp70, Hsp60, Hsp90 emerged. It was then discovered that some of 

these proteins are present in other cell compartments as well, like endoplasmic reticulum (ER) 

(Munro and Pelham 1986). In the mentioned study, the authors initially proposed the possible 

mechanism of Hsps function: they may act via binding hydrophobic regions exposed to solvent, 

consequently releasing them and allowing them to refold in a native manner. In Fig.1, this 

process of “refolding assistance” is depicted in the context of the protein folding energy 

landscape discussed earlier. Before a partially folded protein falls into an energy trap and 

participates in an amorphous aggregate formation, molecular chaperones bind it and provide 

enough time for refolding; in the same time, while bound to a chaperone, a protein can’t 

aggregate.  

https://www.zotero.org/google-docs/?EqQF7M
https://www.zotero.org/google-docs/?EqQF7M
https://www.zotero.org/google-docs/?EqQF7M
https://www.zotero.org/google-docs/?EqQF7M
https://www.zotero.org/google-docs/?RM4e1T
https://www.zotero.org/google-docs/?RM4e1T
https://www.zotero.org/google-docs/?RM4e1T
https://www.zotero.org/google-docs/?RM4e1T
https://www.zotero.org/google-docs/?RM4e1T
https://www.zotero.org/google-docs/?RM4e1T
https://www.zotero.org/google-docs/?9ktJIM
https://www.zotero.org/google-docs/?9ktJIM
https://www.zotero.org/google-docs/?9ktJIM
https://www.zotero.org/google-docs/?mn9a7K
https://www.zotero.org/google-docs/?mn9a7K
https://www.zotero.org/google-docs/?mn9a7K
https://www.zotero.org/google-docs/?mn9a7K
https://www.zotero.org/google-docs/?mn9a7K
https://www.zotero.org/google-docs/?mn9a7K
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Figure 1. The protein folding energy 

landscape. The high-energy unfolded states 

can follow several scenarios: either follow the 

correct folding pathway through 1 or several 

folding intermediates, or become partially 

non-natively folded  and eventually form 

aggregates or amyloid fibrils. Molecular 

chaperones act via binding of partially folded 

states and aborting aggregation events. In 

addition, they allow the bound protein to be 

refolded after a chaperone releases it. 

Courtesy of Hartl, Bracher, and Hayer-Hartl 

2011. 

 

 

Nonetheless, Hsps aren’t expressed solely under stressful conditions, but also constitutively: 

e.g., the member of Hsp70 family, BiP, was identified in ER, where he facilitates folding of 

newly translated secretory proteins, such as immunoglobulins (Haas et al. 1983; Gething and 

Sambrook 1992).  It indicates the generally important role of chaperones in de novo protein 

folding, when polypeptide chains are produced on ribosomes. 

The crucial factor for Hsps correct function is the regulation of their working cycle: as a 

chaperone molecule binds to a target substrate, a  mechanism for the substrate release must 

exist. This “switch” between the different states of certain Hsps during their working cycle is 

provided by adenosine triphosphate (ATP) - these chaperones belong to the ATP-dependent 

group (i.e., Hsp70, Hsp60, Hsp90 families), which are able to bind and hydrolyze ATP to bind 

and release unfolded substrates (Flynn et al. 1991; Todd et al. 1994; Panaretou 1998). On the 

contrary, there is the ATP-independent group of molecular chaperones acting via various 

mechanisms not involving any macroergic bond hydrolysis; among the well-known members 

of this group are small Hsps (sHsps), trigger factor, Spy-protein and SecB (Mitra et al. 2022). 

In addition to these, Hsp40s function with no need in ATP as well.  However, their biochemical 

activity is tightly connected to the aforementioned Hsp70, when Hsp40 act as a substrate-

presenting cofactors (“co-chaperones”) for Hsp70 facilitating the substrate binding by Hsp70 

and stimulating its ATPase activity; without these co-chaperone function the Hsp70 working 

cycle couldn’t proceed (Jiang et al. 2019). The Hsp70-Hsp40 chaperone network, together with 

other participating proteins (e.g., nucleotide exchange factor, NEF) will be discussed later. 

Among other examples of “chaperone + co-chaperone” interactions is the bacterial GroEL-

https://www.zotero.org/google-docs/?vP1EGt
https://www.zotero.org/google-docs/?vP1EGt
https://www.zotero.org/google-docs/?lHKSV2
https://www.zotero.org/google-docs/?lHKSV2
https://www.zotero.org/google-docs/?lHKSV2
https://www.zotero.org/google-docs/?lHKSV2
https://www.zotero.org/google-docs/?pKwfrJ
https://www.zotero.org/google-docs/?pKwfrJ
https://www.zotero.org/google-docs/?pKwfrJ
https://www.zotero.org/google-docs/?pKwfrJ
https://www.zotero.org/google-docs/?pKwfrJ
https://www.zotero.org/google-docs/?pKwfrJ
https://www.zotero.org/google-docs/?pKwfrJ
https://www.zotero.org/google-docs/?HaU4iu
https://www.zotero.org/google-docs/?HaU4iu
https://www.zotero.org/google-docs/?HaU4iu
https://www.zotero.org/google-docs/?9t3GkY
https://www.zotero.org/google-docs/?9t3GkY
https://www.zotero.org/google-docs/?9t3GkY
https://www.zotero.org/google-docs/?9t3GkY
https://www.zotero.org/google-docs/?9t3GkY
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GroES system. GroEL belongs to the Hsp60 proteins, which are generally present in symmetric 

oligomeric assemblies (14 subunits in the case of GroEL) forming 2 inner cavities for the client 

binding. Each subunit possesses an ATP-binding and ATPase activities, which are 

synchronized in the GroEL working cycle. After one half of the GroEL oligomer (a heptameric 

ring) is bound to 7 ATP molecules and to a client protein, the working cycle can’t proceed 

without the interaction between GroES and the heptameric ring; the GroES docking onto the 

GroEL then induces ATP hydrolysis and the client refolding in the GroEL cavity (Mayhew et 

al. 1996; Xu et al. 1997). According to all the above, molecular chaperones do not function 

alone; instead, they very often require cofactors, either co-chaperones or small macroergic 

molecules, as ATP.  

 

 

 

Major chaperone classes 

 

In this paragraph I would like to briefly cover the most important chaperone families, including 

their structural and functional aspects, as well as their role in cell physiology. Beforehand, it’s 

important to distinguish between so-called chaperonins - large oligomeric complexes with 

chaperoning activity - and chaperones. 

 

 

Hsp60. Chaperonins 

 

As was mentioned in the previous chapter, the Hsp60 family is mostly represented by the large 

oligomeric complexes, which are basically their functional form. Each monomer is 

approximately 60 kDa (therefore Hsp60). These ring complexes are symmetric and consist of 

2 rings, each of them can be made up of 7 or 8 subunits and form a cavity capable of binding 

exposed hydrophobic regions of the non-native protein structures and facilitating the folding 

process (Fig.2). Chaperonins are ubiquitous and were identified in all three domains of life, as 

well as in semi-autonomous organelles (i.e., mitochondria), which highlights their importance 

in protein homeostasis in general (Horwich et al. 2007).  

All Hsp60 complexes can be divided into 2 groups, according to their structural arrangement. 

 

https://www.zotero.org/google-docs/?HPpdIg
https://www.zotero.org/google-docs/?HPpdIg
https://www.zotero.org/google-docs/?HPpdIg
https://www.zotero.org/google-docs/?HPpdIg
https://www.zotero.org/google-docs/?HPpdIg
https://www.zotero.org/google-docs/?HPpdIg
https://www.zotero.org/google-docs/?HPpdIg
https://www.zotero.org/google-docs/?HPpdIg
https://www.zotero.org/google-docs/?HPpdIg
https://www.zotero.org/google-docs/?K8HqkE
https://www.zotero.org/google-docs/?K8HqkE
https://www.zotero.org/google-docs/?K8HqkE
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Fig.2. The Hsp60. 2A. The working cycle of chaperonin (as example, type 1 Hsp60, e.g, GroEL, is depicted). After 

the cis-ring is bound to 7 ATP molecules, the cavity is ready to bind an unfolded  client protein A and change the 

conformation . Thereafter, the Hsp10 molecule (GroES) docks onto the cis-ring and closes the aperture, allowing 

the folding catalysis and ATP hydrolysis. Then, simultaneous exchange of ADP for ATP in the trans-ring 

stimulates the dissociation of the Hsp10 and the folded client protein A. The trans-ring now becomes the new cis 

and can bind the client protein B. 2B. The structure of the bacterial GroEL-GroES complex (PDB code 1AON). 

2B. The structure of the archaeal thermosome, type 2 Hsp60 (PDB code 1A6D). Created in BiorenderⓇ 

application. Adapted from Horwich et al. 2007. 

 

 

Type 1 chaperonins are present in bacterial cytosol, mitochondria and plastids; each of the ring 

consist of 7 Hsp60 monomers, therefore the whole complex is 14-mer; in addition, type 1 

chaperonins require cofactor, Hsp10, as was mentioned in the previous chapter. The most 

studied representative is the GroEL-GroES complex (Fig.2B), which functions via ATP-

dependent cycle switching between its heptameric rings  (Xu et al. 1997). Type 2 chaperonins 

were identified in eukaryotic and archaeal cytosol; their architecture slightly differs from the 

https://www.zotero.org/google-docs/?mLHTaC
https://www.zotero.org/google-docs/?zl7iwC
https://www.zotero.org/google-docs/?zl7iwC
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type 1, namely their complexes are 16-mer (2 octameric rings) and they don’t require Hsp10. 

In the Fig.2C, the structural model of the archaeal thermosome is depicted: notably, this is the 

ADP-state and the lids of both rings are closed. However, when the working cycle occurs and 

8 ATP molecules are bound, each monomer on the one side “protrudes” its apical domain, so 

the overall conformational change results in the lid opening (mechanism similar to a camera 

aperture opening/closing) (Ditzel et al. 1998, Pappenberger 2002). Type 1 Hsp60s don’t 

possess this apical domain - it’s shortened instead; therefore they require an external “lid”, 

which is Hsp10. 

The functional cycle of both chaperonin groups is quite similar, despite evident structural 

differences. Multimeric chaperonin complexes are characterized by positive allosteric coupling 

of monomers within a ring, but between 2 rings there is a negative allostery - that is why it’s 

possible to  distinguish cis- (extended, with a client polypeptide inside) and trans-ring (no client 

bound) (Fig.2A). The switch between cis- and trans-state of a ring occurs in an ATP-dependent 

manner: the binding of a client protein and ATP molecules to a  cis-ring triggers the 

conformational change and simultaneous ATP hydrolysis. This highly coordinated allostery 

allows chaperonins to rapidly proceed in their working cycle (Rye et al. 1997). 

The physiological importance of chaperonins was proved by the experiment with deletion 

mutants: for instance, the deletion of GroEL gene in E. coli turned out to be lethal at all tested 

temperatures, i.e., from 17 to 30℃ and at 42℃, which makes this gene essential (Fayet et al. 

1989). Dramatically important proteins were identified among Hsp60 clients, such as actin and 

tubulin (for eukaryotic chaperonin TRiC/CCT) or mitochondrial enzymes, i.e., isocitrate 

dehydrogenase (for mitochondrial Hsp60) (Dubaquie et al. 1998; Llorca et al. 2000).  It’s 

noteworthy that chaperonins extensively interact with Hsp70 and work in conjunction with 

them. The transfer of newly translated polypeptide clients from ribosomes to DnaK (bacterial 

Hsp70) and consequently to GroEL-GroES was observed in bacteria (Teter et al. 1999). In 

similar fashion, the interaction between eukaryotic Hsp70 and TRiC/CCT (eukaryotic 

chaperonin) and the sequential substrate transfer was detected, with actin and firefly luciferase 

as substrates (Lewis et al. 1992.; Frydman et al. 1994; Frydman and Hartl 1996). It indicates 

the communication between various chaperone classes within the cell chaperone network. 

 

sHsps 

Small heat shock proteins (sHsps) are the ATP-independent, diverse group of chaperones, 

which molecular weight varies in the range from 12 to 43 kDa. They were identified in all 

https://www.zotero.org/google-docs/?K9iQlF
https://www.zotero.org/google-docs/?K9iQlF
https://www.zotero.org/google-docs/?K9iQlF
https://www.zotero.org/google-docs/?rAfFII
https://www.zotero.org/google-docs/?rAfFII
https://www.zotero.org/google-docs/?rAfFII
https://www.zotero.org/google-docs/?9aYc8H
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domains of life; a number of identified sHsps homologs increases from prokaryotes to 

eukaryotes with the highest number found in plants (around 20 in A. thaliana) (Haslbeck et al. 

2005). The major mechanism underlying the physiological function of sHsps is preventing the 

aggregation process, especially under heat stress conditions (Jakob et al. 1993). Noteworthy, 

these chaperones tend to form large oligomeric assemblies, which represent their functional 

form: for instance, the Hsp16.5 oligomer from Methanocaldococcus jannaschii contains 24 

subunits, whereas other representative complexes contain variable number of subunits (Fig. 

3A) (Kim et al. 1998). sHsps assemblies are capable of binding several unfolded substrates at 

once through the exposed hydrophobic regions; the formed “substrate-oligomer” complexes are 

then very stable at normal physiological conditions. For the release of bound client proteins, 

interactions with other ATP-dependent chaperone systems are necessary, such as Hsp70-Hsp40 

or Hsp100; without those interactions, a “chaperone - client” complex can’t dissociate (Lee et 

al. 1997; Mogk et al. 2003). 

Relatively low substrate specificity of sHsps makes them potentially very important chaperones 

for a substantial fraction of the cell proteome. For instance, in Saccharomyces cerevisiae, 

approximately 33% of cytosolic proteins are kept soluble under the heat stress conditions by 2 

main sHsps, Hsp42 and Hsp26 (Haslbeck et al. 2004). It was also shown in humans that sHsps 

play an important role in various pathophysiological states: protection of neuronal and 

cardiomyocyte proteomes by Hsp27 from ischemia consequences; an increase in neurotoxicity 

of amyloid-β in neurons of Alzheimer’s disease patients by αB-crystallin; the stabilization of 

abnormal proteins in case of autoimmune and misfolding diseases, and so on (Latchman 2002; 

Stege et al. 1999; Clark and Muchowski 2000). 

 

Hsp90 

 

Another dramatically important chaperone, Hsp90, was identified in eukaryotic and bacterial 

cytoplasm, as well as in ER and mitochondria (Spence et al. 1990; Chen et al. 2005). It is 

approximately a 90 kDa protein, which functions as a homodimer. It possesses the general 

chaperoning activity, i.e., preventing unfolded protein aggregation via binding exposed 

hydrophobic regions (Wiech 1992). Interestingly, it was shown that Hsp90 is less promiscuous 

in substrate choice than other ubiquitous chaperones and prefers a certain subset of cellular 

proteins. Namely, Hsp90 is crucial for the correct folding and maturation of enzymes and 
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receptors involved in signal transduction, e.g., glucocorticoid receptors, p53, cyclin-dependent 

kinases and so on. In addition, Hsp90 can either maintain a signal protein in its inactive form, 

or assist the signaling process by stabilizing complex formation (Picard 2002). The studies also 

indicate the role of Hsp90 in cancer development due to its ability to stabilize incorrect 

conformations of proteins involved in proliferation signal pathways. Therefore, Hsp90 can 

biochemically “buffer” mutated signaling proteins of cancer cells and help them to persist, 

despite their genetic instability (Whitesell and Lindquist 2005). 

Hsp90 belongs to ATP-dependent chaperones, its working cycle and structure is depicted in 

Fig.3D. It’s noteworthy that Hsp90 has numerous co-chaperones with various functions: Aha1, 

the ATPase activator; p23/Sba1, ATPase inhibitor (role in steroid receptor maturation); 

Hop1/Sti1, the adaptor linking Hsp70 and Hsp90 system; and many other (Wandinger et al.  

2008). The latter, Hop1/Sti1, is responsible for physical transfer of a substrate protein from 

Hsp70 to Hsp90, thus Hsp90 machinery works downstream from Hsp70 (similarly to Hsp60-

Hsp70 interaction). In this cooperation, Hsp90 plays a rather protective role for a client and 

induces the correct folding nucleation after release from Hsp70 (Wegele et al. 2006; Morán 

Luengo et al. 2018). 

 

 

Ribosome-associated chaperones 

According to the name of this chaperone group, they are situated on ribosomes or in their 

vicinity and somehow facilitate the folding of a newly translated polypeptide as it emerges from 

the ribosomal tunnel. In all life domains, there is a specific class of chaperones, which are 

involved in interaction with ribosomes and cotranslational folding: bacterial trigger factor (TF), 

eukaryotic ribosome-associated complex (RAC), eukaryotic and archaeal nascent polypeptide-

associated complex (NAC) with numerous cofactors. The downstream chaperone machinery 

includes not only the direct ribosomal interactor, but also Hsp70-Hsp40 and chaperonin 

systems, as well as some other, like prefoldin (Preissler and Deuerling 2012). I would like to 

briefly describe solely TF, since “the ribosome-associated chaperones” is a very broad 

definition and comprises many different non-homologous proteins of different properties and 

structures. TF is the most studied representative found only in bacteria and chloroplasts. The 

97.5 kDa moiety, it contains 3 domains, one of which possesses a peptidyl-prolyl cis-trans 

isomerase (PPIase) activity, and the rest 2 domains (N- and C-) are required for interaction with 

the large ribosomal unit (particularly the tunnel exit) and an emerging polypeptide (Fig.3B). 
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The N- and C-domains together form a cavity, which is lined with hydrophobic residues and 

can accommodate a polypeptide chain via hydrophobic interactions; through this mechanism 

TF prevents the risk of the initial protein aggregation or targeting for degradation, as well as 

delays the folding process (Ferbitz et al. 2004; Hoffmann et al. 2006). The studies have shown 

the substantial overlap between TF clients and the substrate pool of cytosolic Hsp70 and 

chaperonins – if the deletion of TF alone didn’t cause much of protein aggregation, the 

additional suppression of Hsp70 activity was followed by the dramatic increase of misfolded 

and aggregated proteins. For the bacterial chaperonin GroEL, the simultaneous knock-out of 

DnaK (Hsp70) and TF led to a high substrate overload of the chaperonin (Deuerling et al. 1999; 

Kerner et al. 2005). 

 

Hsp100 

One of the largest chaperones (in terms of monomer MW), Hsp100 belongs to the ATP-

dependent disaggregases, i.e., proteins capable of disassembling large protein complexes or 

aggregates potentially toxic to cells. It’s another representative of ring-shaped oligomeric 

chaperones (among chaperonins and sHsps); each subunit has 1 or more ATP-hydrolase 

domains, the whole assembly typically hexameric (Fig.3C) (Schirmer et al. 1996). The Hsp100 

complexes can have a central pore (not necessarily present), which is, in case of yeast Hsp104, 

only 25 Å wide and can’t allow even a partially folded substrate to pass through (versus 45 Å 

in the GroEL-GroES complex). Instead, the whole hexameric assembly dissolves protein 

aggregates and apparently pulls an unfolded polypeptide chain through itself, which is strictly 

controlled by the ATP-driven working cycle (Parsell et al. 1994; Deville et al. 2017). Hsp100 

were found in all life domains and belong to the wide class of AAA+ ATPase superfamily and 

their activities are often coupled to proteolysis, for instance ClpA and ClpX chaperones, which 

associate with the ClpT protease in bacteria (Schirmer et al. 1996). It was discovered that 

Hsp100 oligomers interact with Hsp70, which mostly involves the substrate transfer during the 

aggregate dissolution process; the substantial number of possible mechanisms of Hsp100-

Hsp70 interplay was discovered in recent years (Doyle and Wickner 2009). 
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Fig.3. The representatives of the various chaperone classes.A. The oligomeric assembly formed by Hsp16.5 from  

M. jannaschii, PDB code 1SHS. The complex consists of 24 identical subunits; the assembly occurs via dimer 

intermediate (below), which is normally present in cell cytosol. B. The bacterial TF (E.coli), PDB code 1W26. C. 

The ClpB complex (Hsp100, E.coli), hexameric, in ATP-bound state. D. The structure and ATP-driven cycle of 

Hsp90. Its functional form is the almost parallel homodimer (PDB code 2IOP), where each subunit is capable of 

ATP binding and  hydrolysis (N-domain). A client polypeptide is bound between 2 adjacent M-domains, while the 

C-domains are responsible for constitutive dimerization. After 2 ATP molecules (red circles) binding, Hsp90 

undergoes substantial conformational changes, which result in N-domains docking onto M-domains and  the twist 

of the whole assembly. When ATP is hydrolyzed, the conformation returns into its initial state and a client protein 

and ADP (blue circles) molecules are released. Created in BiorenderⓇ application and PyMOLⓇ.  

Ferbitz et al. 2004; Kim et al. 1998; Deville et al. 2017; Wandinger et al.  2008. 

The Hsp70 chaperone family wasn’t described in this chapter, since it’s the main target of this 

study and it will be described in detail in the following sections. 
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The Hsp70 protein family 

 

While describing all major chaperone classes in the previous section, each time there was 

evidence of Hsp70 involvement in the interactions with all of Hsps above. One of the most 

crucial and well-studied chaperone systems, Hsp70, was identified in cytosol of bacteria, certain 

archaea (T. maritima, A. pyrophilus) and eukaryotes, as well as in the various eukaryotic 

compartments (i.e., mitochondria, plastids, ER, nucleus) and even plasma membrane (Lindquist 

and Craig 1988; Michels et al. 1997; Gribaldo et al. 1999; Gehrmann et al. 2005). Members 

of the Hsp70 family were reported to participate in a wide range of intracellular processes 

related to protein folding and homeostasis; these Hsp70 functions can be divided into 

“housekeeping” (i.e., under normal physiological conditions) and “stress-related”. The first 

group includes de novo folding immediately after translation (in cooperation with other 

ribosome-associated chaperons); assembly and disassembly of oligomeric complexes; 

protection from proteolytic degradation; membrane translocation into organelles like 

mitochondria or plastids etc.. The stress-related functions comprise refolding of misfolded 

proteins; protein targeting to degradation; impeding protein aggregation or disaggregation and 

so on (Rosenzweig et al. 2019). All of the major Hsp70 cellular functions are depicted in Fig.4, 

not mentioning some specific ones. Due to its widespread occurrence and essential functions, 

it’s not unexpected that all Hsp70 shares a very high homology level and sequence identity (not 

lower than 40-50%) (Lindquist and Craig 1988). Both in the bacterial and eukaryotic genomes 

there are usually several Hsp70 encoded, for instance 3 genes in E. coli K-12 strain and at least 

13 in H. sapiens (Genevaux et al. 2007; Radons 2016). Such redundancy in the Hsp70 gene 

number per genome emphasizes specific functions fulfilled by certain homologs and provides 

an additional guarantee for the presence of functional Hsp70 molecules in cells.  

In this chapter I would like to thoroughly discuss the structural and sequence aspects of Hsp70 

representatives, their interactome (with the focus on the immediate Hsp70 cofactors) with 

relation to their working cycle, the latest finding regarding their oligomerization properties and 

the specific features and role of human HSC70, which is the object of this study.  
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Fig.4. The diverse Hsp70 functions in cells, divided into 2 main categories - housekeeping (A-F) and stress-related 

(G-J). A. de novo protein folding (associated with ribosomes); B. assembly/disassembly of multimeric protein 

complexes; C. protection from proteolysis; D. assisting membrane transfer of proteins; E. regulation of protein 

activity via conformational changes; F. cooperation with other Hsp systems; G. refolding of denatured proteins; 

H. preventing protein aggregation; I. disaggregation (in collaboration with sHsps and Hsp100); J. protein targeting 

to proteolytic degradation (e.g., to proteasomes). Adapted from Rosenzweig et al. 2019. 

 

Hsp70 structure and domains 

As was mentioned above. all Hsp70 share high sequence identity and their structural 

organization is even more conserved in evolution (Fig.5A) As a model example, the bacterial 

chaperone DnaK (E.coli) will be exploited to show the general domain organization of Hsp70. 

The 66.6 kDa protein, DnaK, consists of 2 distinctive domains. The larger 45 kDa N-terminal 

domain is named NBD (nucleotide-binding domain) for its ability to bind and hydrolyze ATP; 

the smaller 15 kDa C-terminal domain is SBD (substrate-binding domain) responsible for a 

client polypeptide binding. 2 domains are connected via short disordered linker primarily 

consisting of hydrophobic amino acids; in addition, a disordered C-terminal tail of variable 

length protrudes from SBD (Rosenzweig et al. 2019). However, the binding of a single ATP 

molecule to the NBD entails the drastic conformational change in SBD: the α-helical lid of SBD 

gets opened, whereby a client protein can fit into the SBD cleft (Fig. 5B-D). 
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Fig.5. The Hsp70 structure. A. The Hsp70 general domain organization. B. E.coli DnaK structure and cartoon 

model in ADP/apo state (PDB code 2KHO). C. DnaK in ATP state (PDB code 4B9Q); magenta - ATP molecule. 

D. Structural alignment of Hsp70 SBD coming from H. sapiens (HSP72, green, PDB code 4PO2), E.coli (Hsp70, 

red, PDB code 4JNF) and S. cerevisiae (Ssb1, blue, homology model created on SWISS-MODEL server); it 

illustrates the very high level of homology within the Hsp70 family. Created in PyMOLⓇ.  

 

The thorough structural analysis of both domains revealed their mechanism of action. The X-

ray diffraction model of NBD showed it consists of 2 lobes divided into 4 subdomains - IA, IB, 

IIA and IIB. An ATP molecule is accommodated in the deep cleft between the lobes, which 

both allosterically cooperate for ATP binding and hydrolysis. It was additionally supported by 

the comparison of ATP and ADP states of NBD, where in case of bound ATP the lobes were 

packed slightly tighter. The overall NBD fold is nearly identical to the actin-fold and its 

nucleotide-binding core is similar to that of hexokinase; the same amino-acid positions in the 

core were identified also in hexokinase, which might suggest a similar mechanism of action 

(even though NBD possesses no kinase activity). Therefore, the authors proposed the same 

protein ancestor for Hsp70 NBD, actin and hexokinase (Flaherty et al. 1990; Flaherty et al. 

1991).  

The ATPase cycle of NBD is highly connected to the SBD, the second major domain capable 

of binding exposed hydrophobic regions of unfolded polypeptides. SBD consists of 2 

subdomains: SBDβ, which is basically a twisted 2-layer β-sheet of 8 antiparallel β-strands, and 

SBDα, the purely α-helical structure, which serves as the overly flexible “lid” (Morshauser et 

al. 1995). The peptide with high affinity to DnaK identified with phage display (sequence 

NRLLLTG) was used to analyze “SBD + model peptide” complex. It was discovered that 

mainly Van der Waals hydrophobic interactions are responsible for SBD affinity to the peptide, 

with first two Leu residues of the peptide contributing the most; in addition, several hydrogen 

bonds were detected with the SBD backbone groups, however, the importance of hydrophobic 

residues like Leu, Ile and Met in a client sequence was highlighted (Zhu et al. 1996).  
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These 2 functionally unrelated domains, NBD and SBD, are joined by  the short linker, which 

proceeds from the IIB NBD subdomain to SBDβ. This interdomain linker is highly conserved 

among all Hsp70 homologs and is absolutely essential for the correct Hsp70 functional cycle - 

it allosterically couples ATP binding and hydrolysis, which is carried out by NBD, to substrate 

binding and release by SBD. The linker itself is composed of 6-8 amino acids (in DnaK and in 

most other homologs residues 386-394), with 4 almost exclusively hydrophobic residues in the 

middle part (Leu, Val, Ile, Met) flanked by 2 hydrophilic residues, namely by conserved Asp 

or Glu (Fig.6). It was shown that mutation of D393 leads to the failure of transitioning the 

allosteric signal from NBD to SBD; similar results were obtained in case of the preceding 

hydrophobic amino acids in the linker (Vogel et al.  2006). In the ADP state of Hsp70, the linker 

remains disordered, so 2 domains are very mobile  relative to each other, resembling “2 beads 

on the string” (Fig. 5B). However, upon the ATP binding event, the linker docks onto NBD 

forming a β-sheet with IIA subdomain of NBD, facilitating the docking of SBDα onto NBD 

(Fig. 5C). The overall conformational changes of Hsp70 during the allosteric cycle are 

discussed in detail in the following chapter.  

The disordered C-terminal tail is the least conserved region of Hsp70; its length slightly varies 

among homologs, in DnaK being 35 residues and human HSP72 around 27-28 residues 

(Uniprot entries P0A6Y8 and P0DMV8 respectively). In eukaryotic Hsp70s, the C-terminus 

contains a conserved motif (sequence EEVD) interacting with tetratricopeptide repeat (TPR), 

which is present in the sequences of many Hsp70 cofactors, e.g., Hop, Hip, class III JDP and 

CHIP (M. P. Mayer and Bukau 2005). It was discovered that mutations in DnaK C-tail lead to 

the significant decrease in DnaK refolding activity in vitro and thermotolerance of cells. 

Moreover, according to the same study, the DnaK C-tail isn’t responsible neither for the 

interaction with co-chaperones or client proteins, nor for maintaining the interdomain allostery 

(Smock et al. 2011). This is also in agreement with the fact that bacteria don’t have analogs of 

TPR-containing Hsp70 cofactors and there is no EEVD motif in bacterial Hsp70 C-terminus. 

In addition, in yeasts the C-tail of Ssa1 (S. cerevisiae cytosolic Hsp70)  was shown to enhance 

substrate recognition; mutations in this region led to impaired thermotolerance, similarly to the 

DnaK case mentioned above (Gong et al. 2018). 
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Fig.6. Multiple sequence alignment (MSA) of the Hsp70 

linker region from the various Hsp70. The middle 

hydrophobic regions mainly contain Leu and Val; it is 

flanked by highly conserved Asp residues. Dm - 

Drosophila melanogaster, Hs - Homo sapiens, Sc - 

Saccharomyces cerevisiae, Ec - Escherichia coli. MSA 

was performed on the Clustal Omega (EMBL) server, 

the linker sequences were extracted from the Uniprot 

database.  

 

To get a better understanding of the domain interplay of Hsp70, it’s necessary to discuss the 

Hsp70 allosteric cycle and how the main co-chaperones are involved in it. According to all the 

above, every structural moiety of Hsp70 is necessary for the complete chaperone activity, and 

it will be supported even more by the following chapters.  

 

 

Hsp70 working cycle. Role of co-chaperones. 

Despite minor dissimilarities between various Hsp70 homologs, especially between prokaryotic 

and eukaryotic variants, the general features are conserved in all of them. The substrate binding 

and release by SBD is driven by ATP turnover in NBD (i.e., binding, hydrolysis and exchange). 

As was discussed previously, Hsp70 molecule can exist in 2 main conformational states: 1) the 

ADP/apo form, also named the high-affinity state, when the SBDα-lid is docked onto SBDβ 

(closed), trapping a client protein in SBD and not allowing it to refold; 2) the ATP form, or the 

low-affinity state, when the lid is opened and docked onto NBD, leaving the SBD-pocket 

exposed and allowing the previously bound protein substrate  dissociate and proceeding with 

the binding of a next one (Fig.7) (M. P. Mayer and Bukau 2005). The mentioned affinity of 

Hsp70 to a client protein in ATP state is approximately 10-fold lower than in ADP form, since 

the binding of ATP to NBD increases the rate of dissociation of “SBD-client” complex 1000-

fold and the rate of association around 100-fold (Rosenzweig et al. 2019). In the ATP-state, the 

linker and  SBD are bound to NBD: it’s noteworthy that while ATP binding entails the relative 

rotation of all 4 NBD-lobes, so the ATP-pocket gets smaller. The SBDβ then stabilizes ATP-

NBD in such a way that ATP hydrolysis isn’t energetically favored - the corresponding residues 

in the ATP pocket aren’t suitably oriented for that. This explains why the intrinsic ATPase 
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activity of Hsp70 is quite low (for DnaK in vitro - approximately 1 ATP molecule per 1 DnaK 

molecule per minute) in the absence of necessary co-chaperones or protein substrates (Liberek 

et al. 1991; Kityk et al. 2012). When a client protein binds to SBD in this state, the occurring 

hydrophobic interactions stimulate the conformational shift in SBDβ, which then propagates 

into detachment of SBDβ and the linker from NBD. Consequently, NBD isn’t clamped by 

SBDβ anymore, so it can proceed with the NBD lobes relative rotation into the favorable for 

ATP hydrolysis conformation.  However, the increase of DnaK ATPase activity upon substrate 

binding was only 1.5- to 3.0-fold and in vivo is significantly enhanced by the co-chaperone, 

DnaJ (Kityk et al. 2015). Immediately after the ATP hydrolysis, SBDα dissociates from NBD 

and closes the SBD-pocket with the bound substrate, physically trapping it in an unfolded state 

(Zhu et al. 1996). The release of a substrate occurs much more probably when the lid is opened: 

the studies conducted on the lidless form of DnaK demonstrate that the absence of SBDα 

increases the dissociation and association rate of a client peptide more than 100-fold (Buczynski 

et al. 2001). The lid opening is triggered by the exchange of ADP for ATP, which entails the 

binding  of SBDβ to NBD and the SBDα docking onto NBD. It allows a substrate to dissociate 

from SBD and the cycle can repeat again (Fig.7).  

As was mentioned above, the allostery cycle is highly dependent on several cofactors, which 

mediate substrate binding and stimulate  ADP/ATP exchange or ATP hydrolysis. One of the 

most important and extensively studied classes are J-domain proteins (JDPs) and nucleotide-

exchange factors. I would like to shortly review their structural organization and their role in 

Hsp70 functionality.   
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Fig.7. Allosteric cycle of Hsp70. In the low-affinity, ATP-bound state, Hsp70 is ready to bind a misfolded/unfolded 

protein substrate, which is coupled to the ATP-hydrolysis event; the whole step is facilitated by a JDP. Once the 

lid is closed and the client is bound to SBD (high-affinity, ADP-bound state), the ADP/ATP exchange enhanced 

by NEFs is required for the substrate release and the Hsp70 conformational switch. The released partially-folded 

client is therefore able to proceed in the native folding pathway and acquire its functional form. Created in PyMOL

Ⓡ.  Adapted from  Rosenzweig et al. 2019. 

 

 

JDPs 

 

These Hsp70 protein cofactors, often referred to as Hsp40, are ubiquitous at the similar extent 

as Hsp70 itself, because their activities are closely intertwined. The key structural feature of all 

JDPs is the presence of 70-amino acid J-domain, which is basically an α-helical hairpin loop 

and is usually located at the N-terminus of JDP polypeptide. This domain is the most important, 

since it is able to stimulate ATPase activity of Hsp70 (Kelley 1998). JDPs are divided into 3 

main families: A, B and C, based on their similarity to the best-studied member of JDPs, 

bacterial DnaJ. The DnaJ itself belongs to the class A and consists of: N-terminal 70-aa J-

domain,  followed by the  Glycine/Phenylalanine-rich region of 30-40 aa (G/F-rich); the β-

sandwich C-terminal domain 1 and 2 (CTD1 and CTD2), whereas the Zinc-finger-like domain 

(ZFLD) is included into CTD1; the C-terminal dimerization domain (DD) with the disordered 

C-tail  (Fig.8A). While the N-terminal J-domain is responsible for interaction with Hsp70 and 
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stimulation of its ATPase activity, C-terminal domains are necessary for client polypeptide 

binding and dimerization, since JDPs function in the dimer form (Goffin and Georgopoulos 

1998; Kelley 1998; Y. Wu et al. 2005). Class B JDPs has a very similar domain organization as 

class A, except usually longer G/F region and absence of ZFLD domain; class C is the most 

diverse and least conserved, with only J-domain homologically shared with DnaJ (Cheetham 

and Caplan 1998).  

JDPs generally interact with both Hsp70 domains, NBD and SBD: the Histidine-Proline-

Aspartate (HPD) motif present in J-domain forms multiple hydrophobic and polar contact with 

2 interfaces of Hsp70, the NBD-SBDβ and the linker-SBDβ interfaces. As a result, the HPD 

motif is in close contact with the ATPase catalytic center of Hsp70 NBD, promoting its activity 

significantly upon the substrate binding to Hsp70 SBD (Fig.8B) (Kityk et al. 2018). As was 

mentioned above, the other, equally important function of JDPs is the substrate presenting to 

Hsp70. The promotion of ATP hydrolysis is tightly coupled to this role of JDP, since together 

they represent an integrated stimulus leading to the conformational switch of Hsp70 described 

earlier, from low-affinity to high-affinity state. The affinity of JDPs for unfolded substrates is 

located within C-terminal domains; the peptide affinity screening for DnaJ revealed a core motif 

consisting of 8 mainly hydrophobic and aromatic residues, very similar binding sites for DnaK 

as well (Rudiger 2001). JDPs therefore serve as a sort of “substrate scanners”, preselecting 

client polypeptides for Hsp70. The binding of a substrate occurs in JDP dimer via 4 sites (4 

CTD domains), each one of them has low-affinity binding properties and the sufficiently stable 

complex is formed only if all 4 sites are engaged in this process (Jiang et al. 2019). The other 

significant aspect of such mode of binding is its transient nature: modular low-affinity binding 

enables more rapid substrate transfer from Hsp40 to Hsp70. The interactions between Hsp40 

and Hsp70 remain dramatically important for the whole refolding machinery; it was 

experimentally shown that two ZFLD in class A JDPs are also quite important for that. In fact,  

ZFLDs provide additional interaction sites for DnaK, which ensures the client transfer from 

Hsp40 machinery to Hsp70; it seems ZFLD fulfills the similar function within the whole class 

A JDPs (Linke et al. 2003). It’s noteworthy that biochemical comparison of class A and B JDPs 

from yeast cytosol  revealed the 4-times more efficient refolding of a model substrate, 

luciferase, in case of class A JDP. It might be due to more extensive interaction between Hsp70 

and Hsp40 via the aforementioned ZFLDs, which are absent in class B JDPs (Lu and Cyr 1998). 

Interestingly, the  disordered C-tail in class A JDPs also seems to be involved in this substrate 

transfer: it exhibits a competitional  
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Fig.8. The structure of JDP dimer and interactions with Hsp70. A. The model and the cartoon of DnaJ dimer 

(bacteria Thermus thermophilus, PDB code 4J80). The individual colors and numbers  indicate the domain 

organization. The disordered C-tail isn’t depicted. B. The complex of Hsp70 in ATP-state and J-domain (E.coli, 

PDB code 5NRO). J-domain interacts with  the NBD-SBDβ and the linker-SBDβ interfaces, engaging H-bonding 

and polar contacts  between amino acid backbone atoms and sidechains; magenta - J-domain, blue - NBD, orange 

- SBD, green - Hsp70 linker, cyan - ATP molecule. Created in PyMOLⓇ and BiorenderⓇ . Based on Mayer 2021. 

 

binding to the one of CBD substrate-binding domains, therefore displacing the bound protein 

substrate and  working as an autoinhibitory mechanism for JDPs (Jiang et al. 2019). 

 

 

Hsp70 NEFs 

 

Nucleotide-exchange factors, or NEFs, are necessary for Hsp70 cycle continuation, since they 

accelerate the exchange of ADP for ATP and therefore SBDα lid opening and substrate release. 

For GrpE, NEF homolog, the observed increase in ADP/ATP exchange was 5000-fold; 

however, the Hsp70 cycle proceeding is strictly dependent on simultaneous presence of both 

JDP and NEF, since they are responsible for different phases of “Hsp70-nucleotide” 

interactions (Liberek et al. 1991; Packschies et al. 1997). One of the most studied NEF type, 

GrpE-like, is represented by a parallel homodimer assembly (each subunit is around 21.8 kDa) 

with a long N-terminal α-helical domain serving for dimerization and C-terminal small β-sheet 

domain used for the interaction with Hsp70-NBD (Harrison et al. 1997) (Fig.9). GrpE-like 

NEFs are known as prokaryotic, mitochondrial and plastid Hsp70 NEFs; the eukaryotic 
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counterparts belong to 3 other known classes - Hsp110 type, Bag type and Armadillo type, 

which barely share homology, but nevertheless similarly acting via stabilization of the open 

low-affinity Hsp70 conformation (reviewed in Rosenzweig et al. 2019). I would like to briefly 

describe the mode of action only for GrpE-like NEFs, since the Hsp70 NEFs aren’t the object 

of this study. 

As was discussed earlier, a NEF functions upon the ATP hydrolysis performed by NBD of 

Hsp70, which is stimulated by the substrate binding and interaction with JDP. In the ADP-state, 

there are 6 sites of interaction between GrpE and DnaK: the main 2-3 are located between the 

GrpE β-sheet domain and IB and IIB subdomains of DnaK NBD, from the both sides of the 

nucleotide-binding cleft (Fig.9B). The rest is situated along the long GrpE α-helical domain, 

which contacts the IIA subdomain of NBD. The contacts between GrpE and NBD include salt 

bridges, hydrophobic interactions and H-bonds. The length of α-helical domain is sufficient to 

interact with DnaK SBD, facilitating the substrate release; nonetheless, even N-terminally 

truncated GrpE was able to assist the model substrate refolding, luciferase (Szabo and Hartl 

1994; Harrison et al. 1997). For the efficient interaction, the GrpE-signature motif, a loop in 

the IIB subdomain of NBD, is particularly essential and specific for GrpE-like-NEF-interacting 

Hsp70 according to the data (Brehmer et al. 2001). The mechanism itself is underpinned by 

simple induction of NBD cleft opening and lowering the activation energy for the nucleotide 

exchange. This occurs via insertion of one of the GrpE β-sheet domain into the nucleotide-

binding cleft of NBD and widening it (Packschies et al. 1997; Harrison et al. 1997). 
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Fig.9. The structure of GrpE, the NEF for DnaK. A. The functional homodimer model of E.coli GrpE. Due to the 

long α-helical domain, the overall length of the structure is about 110 Å. B. The complex of GrpE and DnaK NBD. 

N-terminal β-sheet domain of GrpE and subdomains IIB and IB of NBD create the most important contact interface 

between the molecule;  β-sheet domain gets inserted between the NBD lobes, therefore widening the nucleotide 

pocket and supporting the nucleotide exchange. Blue - DnaK NBD, cyan and green - GrpE subunits, magenta - 

GrpE-signature motif of DnaK. PDB code - 1DKG, created in PyMOLⓇ. Harrison et al. 1997. 

 

 

The Hsp70 dimerization 

 
Decades ago it was discovered that Hsp70 molecules are able to dimerize in ADP-bound state, 

meanwhile the addition of ATP significantly decreases the dimer fraction (Schmid et al. 1985). 

These first evidences were then taken into account and investigated further with the ER-specific 

chaperone BiP: upon the substrate release, BiP is post-translationally modified, namely 

phosphorylated and ADP-ribosylated, which leads to its inactivation and formation of dimeric 

and higher-oligomeric BiP species. In addition, this mechanism is reversible - the peptide 

substrate binding and subsequent ATP hydrolysis by BiP stimulates the conversion into an 

active monomeric form capable of refolding activity (Freiden et al. 1992; Blond-Elguindi et al. 

1993). The additional factor affecting the oligomerization process is JDP: bovine brain and 

yeast hsp70 were able to oligomerize into larger species in the presence of YDJ1, yeast homolog 

of DnaJ, and ATP, even though it was previously reported that ATP breaks down Hsp70 

oligomers (King et al. 1995). From all the above it becomes clear that the members of Hsp70 

family can undergo a reversible formation of dimer or even higher oligomers, which is regulated 

in a complex manner by multiple factors - PTMs, ATP or ADP, protein substrates and JDPs. 
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These data raised several questions regarding the exact mechanism of oligomerization, its 

precise regulation and the structure of Hsp70 oligomers.  

Thompson et al. applied chemical cross-linking by glutaraldehyde to fixate the DnaK oligomers 

and analyze them biochemically in vitro and natively in vivo. It was discovered that: 1) heat 

stress elevated the oligomeric DnaK fraction in E. coli; 2) the cross-linked DnaK oligomers 

retain ATPase activity and prevents denatured substrates from aggregation, without refolding 

them (holdase activity); 3) the oligomers are still responsive to GrpE stimulation, but not to 

DnaJ ATPase stimulation (Thompson et al. 2012). The other interesting finding of the described 

study is that the ATPase-deficient mutant of DnaK (T199A) is primarily in a monomeric form. 

The discovery of retention of certain DnaK activities in oligomeric form in vitro confronts the 

earlier conclusion that Hsp70 oligomers represent an inactive chaperone pool in vivo, even 

though it’s partially true - the primary activity of Hsp70, as a refoldase, in oligomeric state is 

abrogated and substituted to holdase activity.  

The first attempts to define the structure of simplest oligomeric Hsp70 assemblies, dimers, were 

undertaken using the crystallographic symmetry of a Hsp70 homolog crystal. Upon the 

obtaining of ADP-bound GkDnaK (DnaK from Geobacillus kaustophilus) crystal, it was 

discovered that the region of the extended hydrophobic linker in one GkDnaK molecule 

perfectly fits into the SBD substrate pocket of another chaperone molecule; based on that, the 

initial model was built in silico (Fig.10A) (Chang et al. 2008). It is consistent with the fact that 

the linker sequence vastly matches the consensus SBD-binding  peptide sequence of Hsp70-

clients (see above). This “substrate-like” dimer model is further supported by the 

aforementioned finding about Hsp70 dimerization: a) ATP induces the dimer dissociation, 

which is similar to the native mechanism of Hsp70 substrate release; b) JDPs promote Hsp70 

oligomerization, which putatively occurs via presenting of one Hsp70 molecule to another as a 

substrate; c) in ADP-bound state, SBD lid is closed, trapping the bound substrate, which in this 

case is a Hsp70 linker. Substrate-like dimer model containing DnaK from G. kaustophilus was 

identified by X-ray crystallography in later study - the assembly was stabilized by interaction 

with GrpE dimer, where both DnaK molecules are interacting by their NBDs with 2 N-terminal 

GrpE domains and simultaneously retaining substrate-like binding between DnaK proteins (C.-

C. Wu et al. 2012). Other study indicating this particular type of dimer was conducted with BiP 

and its two mutants: 1) ADDA-BiP, with substituted 4 hydrophobic linker residues to Ala-Asp-

Asp-Ala and therefore uncoupled interdomain allostery; 2) V461F-BiP, with mutated SBD and 

therefore unable to bind substrates. The linker mutant was also resistant to SubA digestion, 

which cleaves at the linker site of BiP, and can’t be bound as a substrate by other Hsp70 
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molecules. Vice versa, SBD-mutant is susceptible to SubA digestion and can’t bind an Hsp70 

molecule as a substrate. According to analytical SEC data, the mixture of the linker and the 

SBD mutants form a dimer structure, which is resistant to SubA digestion; the monomeric 

fraction, corresponding to free SBD-mutant, which was additionally labeled by luminescent 

dye, has been completely digested, leaving the high-intensity luminescent peak corresponding 

to free SBD. Similarly, the linker mutant alone is primarily monomeric, because it’s unable to 

dimerize with itself, similarly to SBD-mutant alone. To sum up, all the aforementioned data 

from the independent studies support the “substrate-like” dimer model for Hsp70  (Preissler et 

al. 2015). 

Nevertheless, other Hsp70 oligomer models were recently discovered. With the help of native 

mass spectrometry and chemical cross-linking, antiparallel arrangement of human Hsp70 dimer 

was determined: with both Hsp70 molecules in ATP-bound state with SBD/SBD interface 

(Fig.10B) and with both molecules in ADP-bound state with the interface along the whole 

molecule (contacts between NBD and SBD, Fig.10C). Authors also considered the substrate-

like Hsp70 dimer model; nevertheless, according to their data, the double Hsp70 mutant, which 

is unable to bind substrates and has mutated key phosphorylation site, was still able to dimerize 

(Morgner et al. 2015). In this study, the role of JDP in promoting Hsp70 dimerization was 

confirmed; in addition, a putative model of “Hsp70 dimer-JDP” was built, with each Hsp70 

molecule in ADP-state interacting with the opposite JDP subunits via their C-terminal 

disordered tail. The importance of newly identified phosphorylation site in Hsp70 SBDꞵ 

subdomain, T501, was established: the MS signal intensity corresponding to Hsp70 dimer 

significantly decreased in case of dephosphorylated Hsp70. Another dimer model was 

created on the basis of DnaK-ATP X-ray crystallography data (Fig.10D). This assembly 

primarily involves the interface between NBD of 2 DnaK molecules, with minority of 

contacts occurring between one DnaK SBD⍺ and second DnaK NBD; however, this model 

was considered biologically irrelevant and isn’t apparently present at some detectable level 

in solution (Kityk et al. 2012). 
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Fig.10. The putative Hsp70 dimer models. A. Substrate-like model, based on crystallography data (PDB code 

4ANI); B. ATP-bound dimer model with SBD/SBD interface, based on cross-linking mass spectrometry (XL-MS) 

data (PDB code 4B9Q); C. ADP-bound antiparallel dimer model from XL-MS data (PDB code 2KHO); D. ATP-

bound dimer model with NBD/NBD interface from crystallography data (PDB code 4B9Q). 

 

 

The target Hsp70 homolog: human HSC70 

 

The heat shock cognate protein 70, or simply HSC70, encoded by the gene HSPA8, represents 

one of the 13 human HSP70 subfamilies and shares the overall similarity in the domain 

organization and functional cycle described above (Radons 2016). However, there are some 

noteworthy differences and specific features of HSC70, which I would like to discuss in this 

chapter.  

HSC70 is the constitutively expressed cytosolic chaperone; the sequence identity between 

HSC70 and “classic” stress-induced HSP70 (HSPA1A) is 85.6%, where the least similarity is 

observed for the variable C-terminal disordered region (pairwise alignment, EMBOSS Needle). 

The C-terminus of HSC70 was found to be a key interactor with Heat shock factor 1 (HSF1): 

under the heat stress, HSC70 is able to enter nucleus and modulate the activation of the 

transcription factor HSF1, which is responsible for the induction of heat shock related genes 

(e.g., stress-inducible chaperones) (Ahn et al. 2005). Among other differences, HSC70 has the 
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pattern of interaction with lipid bilayer different from HSP70 - it induces the aggregation of 

lipid vesicles in presence of calcium ions at much higher extent than HSP70 does (Arispe et al.  

2002). Moreover, HSC70 promotes tumor cell growth more extensively, probably because of 

its constant presence in cell cytosol, oppositely to HSP70: in the knock-out experiments it was 

discovered that the deletion of HSC70 immediately kills both cancer and non-cancer cell lines, 

whereas deletion of stress-induced HSP70 only affected the viability of cancer cells (Rohde et 

al. 2005). 

The variety of HSC70 functions is tightly connected to its localization in the cell. As was 

mentioned, it is mainly situated in the cell cytosol, but is also able to translocate to the nucleus 

for HSF1 activation. It can be located at the cell membrane periphery as well, participating in 

clathrin-mediated endocytosis. HSC70 was originally described as an ATPase, which promotes 

the dissociation of clathrin triskelions from  clathrin-coated vesicles (Chappell et al. 1986). It 

was later established that disruption of HSC70 ATPase activity leads to the accumulation of 

clathrin-coated vesicles and also empty triskelion cages in vivo, which suggests the prominent 

role of HSC70 in the overall clathrin-mediated vesicle cycle (Newmyer et al. 2001). HSC70 is 

an important mediator of polypeptide transfer into various organelles (Deshaies et al. 1988). 

For instance, the cooperation of HSC70 and HSP90 allows them to interact with the import 

mitochondrial channel TOM40 via the TPR motif discussed earlier in this work. The binding 

of transferred mitochondrial preprotein by HSC70 and HSP90 allows to keep it in an unfolded 

state for the effective import and prevents its aggregation as first; at the same time, the 

chaperones stimulate the assembly of TOM40 complex on the outer mitochondrial membrane 

and mediate the preprotein recognition by TOM40 (Sheffield et al. 1990; Young et al. 2003). In 

the case of ER, the primary function of the HSC70/HSP40 complex is to post-translationally 

target the proteins with the C-terminal signal sequence (tail-anchor) into the ER membrane 

(Rabu et al. 2008). Much evidence of vast interaction between HSC70 and nucleus was found: 

1) both HSC70 and HSP70 play an important role in maintaining the protein transport into 

nucleus; 2) the HSC70 and its ATPase activity is necessary for the efficient β-importin turnover, 

namely for its transfer back to the cytosol; 3) in plant cells, HSC70 mediates the targeting of 

nuclear pore associated WIT proteins, which are important for the proper RanGAP localization 

in the vicinity of nuclear pores (Shi and Thomas 1992; Kose et al. 2005; Meier et al. 2010). To 

conclude, the chaperone of our interest is profoundly important in membrane transport and 

associated processes. 

HSC70 fulfills a standard set of Hsp70-associated activities in protein homeostasis, i.e., 

assisting the correct protein folding via binding exposed polypeptide hydrophobic regions in 
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cooperation with HSP40 co-chaperones (Frydman and Hartl 1996). Non-surprisingly, some 

fundamental cell proteins were detected among its clients. For instance, HSC70 is indispensable 

for the proper folding of cyclin D1 and the D1/CDK4 complex assembly, ensuring its stability 

and activation during the cell cycle (Diehl et al. 2003). The other example is actin monomers 

(G-actin), which acquires its native structure through the sequential interactions with HSC70 

and TRiC/CCT, an eukaryotic chaperonin; the HSC70/HSP40 system is the initial binder, which 

then transfers actin to the chaperonin complex (Frydman and Hartl 1996). In vertebrates, 

HSC70, together with HSP90, is apparently involved in some intermediate steps of myosin 

folding during the striated myocytes maturation (Srikakulam and Winkelmann 2004). The 

substrate repertoire of HSC70 is quite broad - every protein above 20 kDa serves as a potential 

client for this  cytosolic chaperones; it is additionally associated with de novo folding of 

polypeptide chains newly emerging from cytosolic ribosomes, among other chaperones 

involved in cotranslational folding (Thulasiraman et al. 1999).  

The opposite side of protein homeostasis, the proteolytic degradation, also involves HSC70 

activity. The ubiquitin-proteasome degradation pathway engages HSC70 as a factor for the 

correct E3-enzyme reaction (ubiquitin-ligase): the chaperone may act via binding a client and 

exposing the site for E3. Many important substrates for this reaction were identified, e.g., actin, 

histone H2A, p53, glyceraldehyde-3-phosphate dehydrogenase, 𝛼-lactalbumin, E2A 

transcription factor etc. (Bercovich et al. 1997; Huang et al. 2004; Esser et al. 2005). In 

addition, HSC70 is involved in recruitment of substrates for lysosomal degradation. Misfolded 

proteins are bound by HSC70 and then delivered to the lysosomal membrane receptor, 

LAMP2A, which is responsible for the uptake into the lysosomal compartment (Cuervo and 

Dice 1996). The later studies indicate the presence of HSP90/HSC70/HIP/HOP complex at the 

lysosomal membrane responsible for protein targeting to lysosomes (Agarraberes and Dice 

2001). 

According to the above, the constitutively expressed cytosolic chaperone HSC70 is involved in 

numerous processes in the cell, beyond just supporting protein folding. It is an essential 

component of cytosol and its activity is absolutely vital for the cell. It has been an object of 

investigation for many decades, as well as the whole Hsp70 family. Among described HSC70 

features is its self-association, or oligomerization abilities, which were observed in case of other 

Hsp70 homologs (described in the previous section). Benaroudj et al. performed glutaraldehyde 

cross-linking, size exclusion chromatography and analytical ultracentrifugation experiments on 

HSC70 species: the presence of the dimer, trimer and higher oligomer fractions were confirmed 

by all three techniques (Benaroudj et al. 1995). In their paper, authors speculate of functional 
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implications of HSC70 oligomeric complexes: since the oligomers are stabilized in ADP-state, 

such complexes might have a higher affinity to substrates. This is also in agreement with the 

data that HSC70 is able to bind large oligomeric complexes as substrates. Nonetheless, 

structural models of HSC70 oligomers were never described.  

 

 

 

Structural mass spectrometry of proteins 

 

In recent decades, mass spectrometry (MS) has become a powerful tool not only for 

identification of biomolecules in complex samples, but also for determining their structure. The 

basic principle behind MS analysis is transferring biomolecules into gas phase with their 

concurrent ionization and separating them in the mass analyzer chamber according to their 

mass-to-charge ratio (m/z), which is eventually registered by a detector. The universal output 

is the mass spectra - individual m/z values and their corresponding intensities. In the modern 

tandem-MS setups, several mass analyzers are coupled together for individual ion selection, 

their subsequent fragmentation in gas phase by numerous techniques (via collision with inert 

gas - CID, by ultraviolet irradiation - UVPD etc.) and analyzing the emerged fragments; it 

allows to improve identification and perform selective MS experiments on biomolecules of your 

interest. The obtained mass spectra of such fragments are called MS/MS spectra or even higher 

(MS3, MS4  etc.), depending on the number of fragmentation steps performed. The typical mass 

spectrometer arrangement is depicted in Fig.11; nonetheless, the variety of possible setups is 

innumerable and their discussion is beyond the scope of this chapter (Hoffmann and Stroobant 

2007). 

The analysis of proteins by MS represents one of the major subfields within MS itself. There 

are several ways to study proteins by MS: 1) in an intact form using native MS, 2) ionizing an 

intact protein and fragmenting it in gas phase by a chosen technique (CID, ECD etc.) - top-

down approach; 3) performing a preliminary enzymatic/chemical cleavage of a protein and 

analyzing the produced peptides by MS; 4) the peptides from enzymatic/ chemical digestion 

are additionally fragmented in the mass spectrometer - bottom-up approach.  
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Fig.11. Schematic arrangement of a mass spectrometer with 2 mass analyzers. A sample enters the system through 

a sample inlet, which can be a direct probe or LC system (liquid chromatography); the sample is further ionized in 

an ion source and enters the high vacuum area; the produced ions are subsequently injected into series of mass 

analyzers, which can function as a selective filter for a certain subset of ions; the analyzed ions are registered at 

the detector, the acquired signal is then transformed into mass spectra by the operating system and proper data 

analysis software. The operating computer is able to send feedback to the individual mass spectrometer modules, 

modifying and adjusting the measurement in real time. Adapted from Hoffmann and Stroobant 2007.  

 

The real MS data can be compared to theoretical fragmentation/digestion spectra of a protein, 

which ensures a proper identification and quantification in proteomics experiments (reviewed 

by Wysocki et al. 2005). Rather than discussing all possible techniques and setups in protein 

MS, I would like to focus on how the information about native protein structure can be obtained 

from mass spectra and which advantages the structural MS approaches possess (Fig.12).  

 

 

Native mass spectrometry and ion mobility 

 

In this case, the whole protein, either monomeric or in a quaternary complex, retains its 

biologically related conformation while entering the gas-phase. The main advantages of this 

approach are very high sensitivity (analysis of picomole amounts, which is suitable for  
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Fig.12. Structural mass spectrometry approaches. A. Native MS. B. HDX. C. Covalent labeling. D. XL-MS. 

Created in  BiorenderⓇ.  Based on Vandermarliere et al. 2016.  

 

endogenously expressed proteins), robustness, high speed and selectivity. Despite these 

advantages, it provides less detailed information compared to standard structural methods, i.e., 

X-ray crystallography or NMR. Another drawback is the necessity of the purification of a  

protein/complex of interest, as well as using the specific buffer conditions for effective 

desolvation and ionization (reviewed by Heck 2008). Since masses of intact proteins are way 

bigger than peptide masses, the mass spectrometer suitable for native MS has to provide a wide 

m/z range and be capable of soft ionization of protein complexes while retaining the non-

covalent interactions. It became possible with the introduction of electrospray ionization (ESI) 

and time-of-flight (TOF) or hybrid quadrupole-time-of-flight (Q-TOF) mass analyzers (Heuvel 

and Heck 2004). The upper limit of a protein complex size is theoretically unlimited - for 

instance, bacteriophage HK97 virion of 18 MDa was studied with native MS (Snijder et al. 

2013). Mass spectrometers are nowadays often coupled with ion mobility (IM) - a technique 

that allows to investigate compactness of a desired protein in the gas phase. In the simplest 

setup, drift-tube ion mobility (DT-IM), an ionized protein traverses a linear cell filled with an 

inert gas (e.g., nitrogen) serving as an “obstacle” for the moving protein ions; the ion movement 

itself is ensured by a linear electric field. The various proteins and their complexes in different 

conformational states are progressing in such ion mobility cells with different rates - it depends 

on their compactness: the more the studied protein packed, the more easily it moves through 

the inert gas cloud. These IM-measurements allow to define a particle’s collision cross-section 

(CCS) and separate different conformational species, which can further be analyzed by MS.  

https://www.zotero.org/google-docs/?zqtoNT
https://www.zotero.org/google-docs/?FJc49c
https://www.zotero.org/google-docs/?FJc49c
https://www.zotero.org/google-docs/?FJc49c
https://www.zotero.org/google-docs/?uyMeKz
https://www.zotero.org/google-docs/?uyMeKz
https://www.zotero.org/google-docs/?uyMeKz
https://www.zotero.org/google-docs/?uyMeKz
https://www.zotero.org/google-docs/?G77sYa
https://www.zotero.org/google-docs/?G77sYa
https://www.zotero.org/google-docs/?G77sYa
https://www.zotero.org/google-docs/?G77sYa


38 

This and other possible setups of native MS coupled to ion mobility were described by 

Konijnenberg et al.  2013. 

 

 

Hydrogen-deuterium exchange (HDX) 

 

This approach takes advantage of the fact that hydrogen atoms present on proteins in H-N, H-

O and H-S bonds can exchange with H-atoms of solvent, which is typically water. Placing a 

protein into heavy water, i.e., D2O or deuterium oxide, leads to the exchange of the 

aforementioned H-atoms on a protein for D-atoms, which ultimately increases the mass of 

protein (+1 Da per such exchange event). The less protein H-atoms are exposed to a solvent 

and more buried into protein spatial structure, e.g., hidden in a protein hydrophobic core, the 

slower is the process of exchange; therefore, a protein conformation or its changes can be 

probed in a very detailed way by HDX-MS (Hvidt and Linderstrøm-Lang 1955; Konermann et 

al.  2011). 

Among the bonds of the biggest interest for HDX are H-N on the amide backbone of proteins. 

In secondary structure, backbone amide H-atoms are often involved in hydrogen-bonding and 

thus become less accessible for the exchange. Another factor affecting the exchange rate is 

solvent accessibility, which was mentioned earlier. The choice of H-N as a target for HDX is 

its even distribution across a polypeptide chain (each peptide bond) and the fact that sidechain 

H-atoms capable of HDX have too high rate of exchange when exposed to a solvent, which 

makes it extremely difficult to measure using a standard HDX pipeline (Englander et al. 1985).  

This pipeline may vary substantially, depending on the aim of an experiment, e.g., studying one 

or more conformations present in a solution. The general protocol includes: 1) incubation of a 

target protein in D2O-solution, which leads to HDX process; 2) quenching of HDX reaction by 

acidifying the solution and decreasing the temperature; this step can be performed at the 

different time points, if the conformational changes in time are investigated;  3) proteolytic 

digestion with low-pH tolerant protease (optional); 4) LC separation and ESI-MS measurement; 

5) data analysis. For time-dependent measurements, the MS data are then used to create a plot 

depicting the percentage of deuteration against the time, which is interpreted as a rate of 

conformational changes of a studied protein, which makes HDX a perfect complementary 

technique for studying protein structural dynamics (Masson et al. 2019). 
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Covalent labeling 

 

Even though the term “covalent labeling” refers to any covalent modification implemented on 

certain amino acid residues in a protein, which also includes the aforementioned HDX, I would 

like to use this definition to indicate irreversible covalent modifications.  The irreversibility of 

amino acid chemical modifications ensures their stability and robust detection in mass spectra; 

moreover, such labeling is usually performed on amino acid side chains and therefore may 

provide a different type of structural information unavailable from HDX data. On the other 

hand, these modifications alter the biophysical and biochemical properties of an amino acid and 

thus affect the native protein structure (Mendoza and Vachet 2009). 

The untargeted labeling approach utilizes the similar principle as HDX - the modification 

emerges on the solvent-accessible residues, whereas the residues involved in contact with a 

binding partner or buried in protein structure are typically less modified. Therefore, coupled to 

MS, it can be used as a powerful tool to investigate the protein interactions and conformational 

changes (Guan and Chance 2006). The untargeted labeling is mostly implemented as oxidative 

radical footprinting, the technique of labeling using the oxygen radicals. For example, hydroxyl 

radicals can be derived by the X-rays or 𝛾-rays irradiation of water or by using the reaction of  

Fe(II)-EDTA complex with hydrogen peroxide; the emerged ·OH particles react with protein 

side chains, followed by an enzymatic digestion and LC-MS or LC-MS/MS (Guan and Chance 

2005).  Similar method, fast photochemical oxidation of proteins (FPOP), attempts to avoid the 

drawbacks of hydroxyl radical labeling, i.e., the longer reaction time and exposure of a protein 

to radicals leading to the false positive results and modification-induced unfolding. In FPOP 

setup, the protein solution with H2O2 is passed through a capillary, where in the certain region 

it is irradiated by a short laser pulse (nanoseconds). The pulsed laser beam induces the hydrogen 

peroxide homolytic cleavage and thus generation of radicals, which react with the accessible 

residues within a sub-millisecond interval. FPOP therefore allows to capture fast 

conformational changes and binding events (Zhang et al. 2018). 

The targeted covalent labeling typically carried out on the specific amino acid side chain groups 

or free terminal carboxyl and amino groups, e.g., -SH (Cys), -OH (Ser, Thr, Tyr), -COOH (Asp, 

Glu, C-terminus), -NH2  (Lys, N-terminus), -CONH2 (Gln, Asn) and aromatic ring (Phe, Tyr, 

Trp, His). The description of all existing labeling reagents is out of scope of this work; they are 

usually classified according to their specificity to a certain side chain. For instance, cysteine 

thiol group is a strong nucleophile and is targeted by the nucleophilic agents such as 

iodoacetamide and iodoacetate or by maleimide derivatives (e.g., N-ethylmaleimide) (Smythe 
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1936; Gregory 1955). Other example, the aromatic ring, is susceptible to fluoroalkyl radical 

reaction with the Togni reagents, which is induced by ascorbate, ot by light in case of tryptophan 

(Rahimidashaghoul et al. 2021; Fojtík et al. 2021). Finally, the lysine ε-amino group or N-

terminal amino group undergoes the reactions with N-hydroxysuccinimide esters (NHS esters) 

(Blumberg and Vallee 1975). 

 

 

Cross-linking mass spectrometry (XL-MS) 

 

Among targeted covalent labeling methods is the chemical cross-linking (XL) — the technique 

allowing covalently link the residues situated in the vicinity in a native protein structure. 

Typically, a cross-linker is an organic compound bearing 2 functional groups joined by a spacer 

and is capable of specifical reaction with chosen residue side chains. The cross-linkers of 

various specificity were developed in recent decades and are being developed nowadays: e.g., 

amino-specific for lysine and N-terminus and thiol-specific for cysteine. Both functional cross-

linker groups can be the same in case of homobifunctional cross-linkers, which therefore react 

with 2 similar side chains (e.g., Lys-Lys, Cys-Cys); on the contrary, heterobifunctional cross-

linkers are designed to covalently attach different side chains, e.g. Cys-Lys etc.. The spacer 

length (varying for different compounds)  restricts the maximal distance of  2 neighboring 

residues in a protein, “fixing” their mutual position; the information obtained from the cross-

linked residues is of a high value for building a structural protein model and analyzing protein-

protein interactions in a complex. In addition, spacer can be uncleavable or uncleavable by 

MS/MS fragmentation (Sinz 2003). Some of the widespread cross-linkers of variable length and 

the corresponding reactivity with protein side chains are depicted in Fig.13. 

As well as for HDX and covalent labeling described earlier, the same principle is valid: the 

cross-linker would react with the solvent-accessible side chains not completely buried within 

the hydrophobic protein core: it is perfectly demonstrated in the XL-MS study of  αB-crystallin, 

where a fraction of lysins within the protein weren’t cross-linked by DTSSP reagent (Peterson 

et al. 2004). In addition, this study exemplifies a standard XL-MS experiment pipeline: 1) 

optimizing of cross-linker:protein molar ratio, buffer composition and  
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Fig.13. A. Examples of chemical cross-linkers. The spacer length represents the distance between side-chain 

functional groups of the covalently joined amino acids. SIA - succinimidyl iodoacetate, a bifunctional cross-linker 

(Lys-Cys); DSG - disuccinimidyl glutarate (Lys-Lys); DSBU - disuccinimidyl dibutyric urea, a cleavable cross-

linker (Lys-Lys);. B. The NHS (Lys-Lys) cross-linkers reaction with amino groups on the example of DSS 

(disuccinimidyl suberate). The nucleophilic attack of amino groups leads to formation of amide bonds between the 

lysine side chains and the cross-linker (on both sides) and dissociation of N-hydroxysuccinimide.  Based on 

Zybailov 2013 and Liu et al.  2020. 

 

other XL-reaction conditions; 2) performing the XL-reaction; 3) an optional fractionation step 

to separate the cross-linked species, e.g., with the help of HPLC or SDS-PAGE; 4) proteolytic 

digestion; 5) analysis of the obtained XL-peptide mixture by MS (LC-MS, LC-MS/MS, 

MALDI-TOF etc.) The individual experiment design is dependent on the research goals and 

which type of structural information is sought: to probe the conformational state, mainly intra-

cross-links (occurring within 1 polypeptide chain) are analyzed, therefore monomeric species 

are selected during the fractionation step; on the other hand, if the goal is to determine the 

interaction interface between several proteins, inter-cross-links (between 2 polypeptide chains) 

are favored and analyzed (Sinz 2003). In the second case, the data analysis of emerging XL-

species is complicated: it is impossible to distinguish between intra- and inter-cross-links. To 

solve this problem, the heavy isotope labeling can be utilized (15N, 13C etc.): one of the subunits 

from the studied oligomer is produced recombinantly on a the heavy isotope containing medium 

(e.g., 15NH4Cl or 13C-glucose for prototrophic producing strain, 15N-amino acids for 

auxotrophic strains). The heavy atoms are therefore incorporated in vivo into the produced 

protein; the following incubation procedure prior to XL includes mixing the studied proteins in 

“light” (e.g., 14N) and “heavy” (e.g., 15N) forms in the defined molar ratio, usually 1:1. The 
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acquired mass spectra, after the general XL-protocol described above, contain triplets or 

quadruplets of MS peaks, which correspond to the possible inter-XL-peptide forms - 14N/14N 

(light-light, LL), 14N/15N (light-heavy, LH), 15N/14N (heavy-light, HL) and 15N/15N (heavy-

heavy, HH). Commonly, in this type of study, LH and HL-peptides are of the biggest interest, 

because they originate from a dimer. The signal intensities of the individual XL-peptide forms 

can be used for the calculation of inter/intra ratio according to the peak intensities (Fig.14), 

which was already implemented in some XL-MS data analysis softwares, such as LinX 

(Taverner et al. 2002; Kukačka et al. 2021).  

The XL-MS approach proved to be a powerful tool of structural biology among other major 

techniques like NMR, cryoEM or X-ray diffraction. Very frequently, it’s difficult to obtain a 

protein crystal, especially for huge protein complexes; sometimes it’s possible to crystallize and 

analyze individual domains and subunits, however the structural information of the whole 

protein/protein complex is absent. Therefore, XL-MS is particularly useful in solving structures 

of oligomeric assemblies, filling these informational “gaps”: it allowed to elucidate structures 

of 14-meric RNA polymerase I and 12-meric RNA polymerase II with and without bound TFIIF 

transcription initiation factor, 26S and 19S yeast proteasome complex, 40S-eIF1-eIF3 

translation initiation complex, even the whole prokaryotic ribosome (Jennebach et al. 2012; 

Chen et al. 2010; Kao et al. 2012; Lasker et al. 2012; Erzberger et al. 2014; Lauber and Reilly 

2011). In many of the aforementioned studies, the previously obtained structural models of the 

individual subunits were used to complete the model of the whole assembly: the known distance 

restrictions imposed by a cross-linker spacer length to guide in silico docking. Moreover, in 

case of single protein conformational studies, XL-MS data facilitate structure prediction 

(Orbán-Németh et al. 2018). Another possible way to implement XL-MS data is to validate the 

docking outcome by the known distance restraints (Van Dijk et al. 2005). These and many other 

applications of XL-MS in structural biology and proteomics are reviewed in Leitner et al. 2020. 
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https://www.zotero.org/google-docs/?jiDHgR
https://www.zotero.org/google-docs/?jiDHgR
https://www.zotero.org/google-docs/?jiDHgR
https://www.zotero.org/google-docs/?QnNRiT
https://www.zotero.org/google-docs/?QnNRiT
https://www.zotero.org/google-docs/?QnNRiT
https://www.zotero.org/google-docs/?QnNRiT
https://www.zotero.org/google-docs/?QnNRiT
https://www.zotero.org/google-docs/?EMWaq7
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Fig.14. The theoretical mass spectra from an XL-MS 

experiment with the equimolar mixture of 14N-  and 

15N- labeled subunits of a putative  dimer. The ratio 

is calculated as a sum of LH and HL intensities 

divided by the sum of LL and HL intensities. Based 

on this ratio, the relative occurrence of an identified 

cross-link in the dimer-monomer equilibrium can be 

concluded. A. The ratio is approximately 1, the 

cross-link is 100% from a dimer; B. The LH and HL 

XL-peptides weren’t identified at all, the cross-link 

is 100% from a monomer; C. The intensities of LH 

and HL are a bit lower than in case of LL and HH 

forms, the ratio is 0.85 (85% comes from a dimer); 

D. Similarly, the ratio is 0.15 (15% comes from a 

dimer). Based on Kukačka et al. 2021. 

 

 

 

 

Aims of the work 

 

1. Overexpression and purification of the recombinant HSC70 WT and the chosen mutants 

in 14N and 15N forms; 

2. Study of the ATP-dependent HSC70 dimerization and optimizing the time point for the 

XL-reaction by mass photometry; 

3. Collection of the dimer subunit distance restraints for HSC70 WT and its mutants by 

structural mass spectrometry; 

4. Building the HSC70 WT dimer model by the protein-protein docking in silico on the 

basis of identified XL-sites. 

 

 

 

 

https://www.zotero.org/google-docs/?7XL7Wf
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Methods 

 

 

Used chemicals and reagents 

 

● acetic acid (Fluka, Switzerland) 

● acetonitrile (ACN) (Sigma-Aldrich, USA) 

● acrylamide (Sigma-Aldrich, USA) 

● adenosine 5’- triphosphate disodium salt hydrate (ATP) (Sigma-Aldrich, USA) 

● agar (Oxoid, USA) 

● ammonium chloride (Lach-Ner, Czech Republic) 

● ammonium-15N chloride (Sigma-Aldrich, USA) 

● ammonium persulfate (APS) (Sigma-Aldrich, USA) 

● aprotinin (Roche, Switzerland) 

● BME vitamins 100x solution (Sigma-Aldrich, USA) 

● bromophenol blue (Serva, Germany) 

● ⍺-cyano-4-hydroxycinnamic acid (Bruker Daltonics, Germany) 

● Coomassie Brilliant Blue R-250 (VWR International, USA) 

● calcium chloride (Fluka, Switzerland) 

● 2-chloroacetamide (Sigma-Aldrich, USA) 

● ethanol (Lach-Ner, Czech Republic) 

● 4-ethylmorpholine (Sigma-Aldrich, USA) 

● deionized water, LC-MS grade (LC-MS dH2O)  (Merck, Germany) 

● deionized water provided in house; sterilized by autoclaving, filtered with filter paper 

and degassed if stated 

● dimethylsulfoxide (DMSO) (Fluka, Switzerland) 

● disodium hydrogen phosphate heptahydrate (Thermo Fisher Scientific, USA) 

● dithiothreitol (Thermo Fisher Scientific, USA)  

● D-glucose monohydrate (Lach-Ner, Czech Republic) 

● DNAse I (Thermo Fisher Scientific, USA)     

● glycerol (VWR International, USA) 

● hydrochloric acid 37% (Sigma-Aldrich, USA) 

● 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Carl Roth, Germany) 
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● immersion oil Immersol 518 F (Zeiss, Germany) 

● imidazole (Fluka, Switzerland) 

● iron(III) chloride (Sigma-Aldrich, USA) 

● isopropanol (Lach-Ner, Czech Republic) 

● isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich, USA) 

● kanamycin monosulfate (Sigma-Aldrich, USA) 

● leupeptin (Sigma-Aldrich, USA) 

● magnesium chloride hexahydrate (Lach-Ner, Czech Republic) 

● magnesium sulfate (Merck, Germany) 

● methanol (Lach-Ner, Czech Republic) 

● N,N'-methylenebisacrylamide (Sigma-Aldrich, USA) 

● Peptide Calibration Standard II (Bruker Daltonics, USA) 

● pepstatin A (Sigma-Aldrich, USA) 

● phenylmethylsulfonyl fluoride (PMSF) (Serva, Germany) 

● Pierce™ Unstained Protein MW Marker (Thermo Fisher Scientific, USA) 

● potassium chloride (Lach-Ner, Czech Republic) 

● potassium dihydrogen phosphate (Carl Roth, Germany) 

● sodium chloride (Carl Roth, Germany)  

● sodium dodecyl sulfate (SDS) (BioRad, USA) 

● sodium hydroxide (Lach-NEr, Czech Republic) 

● SUMO protease Ulp1 with His6 tag from S. cerevisiae, recombinant 

 (Sigma-Aldrich, USA) 

● tetramethylethylenediamine (TEMED) (Sigma-Aldrich, USA) 

● Trace Metal Mix A5 with Co 1000x  (Merck, Germany) 

● trifluoroacetic acid (TFA) (Sigma-Aldrich, USA) 

● tris (VWR, USA) 

● tris(2-carboxyethyl)phosphine (TCEP) (Sigma-Aldrich, USA) 

● Trypsin/Lys-C Mix, Mass Spec Grade (Promega, USA) 

● tryptone (Oxoid, USA) 

● yeast extract (Oxoid, USA) 
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Used solutions, buffers and media 

 

● acrylamide mix for SDS-PAGE (30%) 

○ 1% (w/v) N,N'-methylenebisacrylamide, 29% (w/v) acrylamide, dH2O 

● 10 % APS (v/w) solution 

● ATP washing buffer for IMAC 

○ Tris lysis buffer + 5 mM ATP 

● cleavage buffer 

○ 90% (v/v) LC-MS dH2O, 150 mM 4-ethylmorpholine,  

10% (v/v) ACN, pH = 8.35 (calibrated with acetic acid) 

● destaining solution for SDS-PAGE gels 

○ 10% (v/v) acetic acid, 35% (v/v) ethanol, dH2O 

● elution buffer for IMAC 

○ Tris lysis buffer + 300 mM imidazole 

● 20% (v/v)  ethanol solution for chromatography column storage  

○ filtered with filter paper, degassed 

● high salt washing buffer for IMAC 

○ 50 mM Tris-HCl (pH = 7.9) 50 mM, 1 M NaCl, 5 mM MgCl2,  

10% (v/v) glycerol, sterile dH2O 

● 1M HEPES/NaOH stock solution, pH = 7.5  

(calibrated with NaOH, filtered with filter paper) 

● HKM150 buffer for XL reaction 

○ 25 mM HEPES/NaOH (pH = 7.5), 150 mM KCl, 5 mM MgCl2, 

LC-MS dH2O 

● HKMG150 buffer  

○ 25 mM HEPES/NaOH (pH = 7.5), 150 mM KCl, 5 mM MgCl2, 

10% (v/v) glycerol, sterile dH2O 

● 1000x  IPTG stock solution (1 M, filtered with 0.22 𝜇m filter) 

● 1000x Kanamycin stock solution (50 mg/ml, filtered with 0.22 𝜇m filter) 

● LB medium (sterilized by autoclaving) 

○ 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl, 

sterile dH2O, pH = 7.4 (calibrated with NaOH) 
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● LB+agar medium (sterilized by autoclaving) 

○ LB medium with 1.25% (w/v) agar 

● M9-glucose minimal medium (either 14N or 15N)  

○ 1x M9 salts (either 14N or 15N) , 0.4% (w/v) D-glucose, 2 mM MgSO4 , 

 0.1 m M CaCl2 , 0.1 mM FeCl3 , 1x BME vitamins, 1x Trace Metal Mix A5 

with Co, 50 𝜇g/ml kanamycin, bacterial overnight culture (1000x diluted), 

sterile dH2O  

○ the stock solutions of MgSO4, CaCl2 , FeCl3 and D-glucose were filtered with 

filter paper, without autoclaving 

● 5x M9 salts (either 14N or 15N) (filtered with filter paper and sterilized by autoclaving) 

○ 6.4 % (w/v) Na2HPO4·7H2O, 1.5 % (w/v)  KH2PO4, 0.25 % (w/v)  NaCl,  

0.5 % (w/v) 14NH4Cl or 15NH4Cl, sterile dH2O 

● 10% (w/v) SDS solution 

● 5x SDS-PAGE sample buffer (loading dye) 

○ 4% (w/v) SDS, 250 mM Tris-HCl (pH = 6.8), 0.06 % (w/v) bromophenol blue, 

0.077 % (w/v) DTT, 30% (v/v) glycerol, dH2O 

● staining solution for SDS-PAGE gels  

○ 0.25 % (w/v) Coomassie Brilliant Blue R-250, 45 % (v/v) methanol,  

10 % (v/v) acetic acid, dH2O 

● 1 M Tris-HCl stock solution, pH = 7.9 (calibrated with HCl, filtered with filter paper) 

● 1 M Tris-HCl stock solution, pH = 6.8 (calibrated with HCl, filtered with filter paper) 

● 1.5 M Tris-HCl stock solution, pH = 8.8  

(calibrated with HCl, filtered with filter paper) 

● Tris lysis buffer 

○ 50 mM Tris-HCl (pH = 7.9), 300 mM NaCl, 5 mM MgCl2, 10% (v/v) glycerol, 

sterile dH2O 

● 10x Tris-glycine SDS-PAGE running buffer, commercial (Bio-Rad, USA) 
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Used bacterial strains 

 

● E.coli TOP10 (Thermo Fisher Scientific, USA) 

○ genotype: F–mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 

araD139 Δ(ara-leu)7697 galU galK λ–rpsL(StrR) endA1 nupG 

 

● E.coli BL21 Rosetta gami 2 (Novagen, Germany) 

○ genotype: Δ(ara-leu)7697 ΔlacX74 ΔphoA PvuII phoR araD139 ahpC galE 

galK rpsL (DE3) F′[lac+ lacIq pro] gor522::Tn10 trxB pRARE2 (CamR, StrR, 

TetR) 

 

 

Used equipment and instruments 

 

● Analytical scale AL54-IC (Mettler Toledo, Switzerland) 

● Automatic pipettes and corresponding tips (Gilson, USA; Thermo Scientific, USA) 

● Centrifuge 5920R, exchangeable rotors (Eppendorf, Germany) 

○ fixed angle rotor  

○ fixed angle rotor  

● Centrifuge 5415R (Eppendorf, Germany) 

● Centrifuge Avanti J-26 XP, exchangeable rotors (Beckman Coulter, USA) 

○ fixed-angle rotor JLA-9.1000  

● Centrifugal concentrators (Millipore, USA) 

○ Amicon® Ultra Centrifugal Filter (15 ml, 30000 MWCO) 

○ Amicon® Ultra Centrifugal Filter (0.5 ml, 30000 MWCO) 

● Centrifugal tubes (Beckman Coulter, USA) 

○ J-lite 1 l, PP 

● Centrifugal falcon tubes - 15 ml, 50 ml (Corning, USA) 

● ChemiDoc MP Gel Documentation System (Bio-Rad, USA) 

● Cuvettes for spectrophotometer, 10mm light path (BRAND, Germany) 

● Dialysis tubing cellulose membrane, 14 kDa (Sigma-Aldrich, USA) 

● Elmasonic S30H Ultrasonic Unit (Elma, Germany) 

● EmulsiFlex-C3 High Pressure Homogenizer (Avestin, Canada) 

● FPLC system NGC Quest 10 (Bio-Rad, USA) 

● Hamilton KF needle (ga22/51mm/pst3) (Hamilton, USA) 
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● Magnetic stirrer Variomag Maxi Direct (Thermo Fisher Scientific, USA) 

● MALDI-TOF Autoflex Speed mass spectrometer (Bruker Daltonics, Germany) 

● Mass photometer Refeyn TwoMP and Accurion vibration-isolation bench (Refeyn, UK) 

● Membrane filters 0.22 𝜇m (Millipore, USA) 

● Microscopic glass slides (VWR International, USA) 

● MP-250V Electrophoresis Power Supply (Cleaver Scientific, UK) 

● MTP 384 target plate ground steel BC for MALDI-TOF (Bruker Daltonics, Germany) 

● Ice maker machine Powericer XL (Klarstein, Germany) 

● IMAC columns EconoFit Nuvia, Ni-Charged, 5 ml and 1 ml (Bio-Rad, USA) 

● Incubation shaker Multitron Pro (Infors, Switzerland) 

● Incubator Incucell (BMT, Czech Republic) 

● pH electrode InLab Expert (AND, USA) 

● pH meter Orion Star A111 (Thermo Fisher Scientific, USA) 

● Pipette controller Accu-Jet (BRAND, Germany) 

● Pipettes — 2 ml, 5 ml, 10 ml (VWR, USA) 

● SEC column ENrich™ SEC 650 10 x 300, 24 ml (Bio-Rad, USA)  

● Silicon 6-well gaskets for mass photometry (Refeyn, UK) 

● SDS-PAGE kit (Bio-Rad, USA) 

● 15T solariX FT-ICR mass spectrometer (Bruker Daltonics, Germany) 

● Spectrophotometer DeNovix DS-11 FX+ (DeNovix, USA) 

● Syringe plastic 2 ml (B.Braun, Germany) 

● Table minicentrifuge Minispin (Eppendorf, Germany) 

● Thermostat with shaker Thermomixer comfort (Eppendorf, Germany) 

● Vortex (Scientifica, Italy) 

● UHPLC system Agilent 1290 Infinity II (Agilent, USA) 

○ desalting precolumn Luna Omega Polar C18 (5 μm, 100 Å, 0.3 × 30 mm) 

(PhenomeneX, USA) 

○ analytical column Luna Omega Polar C18 (3 μm, 100 Å, 0.3 × 150 mm) 

(PhenomeneX, USA) 

● Zeba™ Spin Desalting Columns, 7 kDa MWCO, 0.5 ml (Thermo Fisher Scientific, 

USA) 
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Used softwares 

 

● for mass photometry measurements and data analysis: 

○ AcquireMP (Refeyn, UK) 

○ DiscoverMP (Refeyn, UK) 

● for SDS-PAGE gel imaging: 

○ ImageLab 6.1 (Bio-Rad, USA) 

● for mass spectrometry measurements (Bruker Daltonics, USA): 

○ Compass HyStar 4.1  

○ ftmsControl 2.1.0 

○ flexControl 3.4  

● for MS data analysis: 

○ Compass Data Analysis 4.4 (Bruker Daltonics, USA) 

○ LinX 2.0 (Kukačka et al. 2021) 

● for protein sequence analysis 

○ GPMAW 12.2  

● for protein structure analysis, XL mapping and visualization: 

○ PyMOL2 (Schrödinger, USA) 

○ UCSF ChimeraX (RVBI, USA)  

○ XMAS package for ChimeraX (Lagerwaard et al. 2022) 

○ xiVIEW (Graham et al. 2019) 

● for FPLC control and chromatogram export: 

○ ChromLab (Bio-Rad, USA) 

● for Venn diagram generation: 

○ Venn diagram web tool (Van de Peer Lab)  

● for DeNovix DS-11 FX+ spectrophotometer control: 

○ EasyAppsTM (DeNovix, USA) 

● for pairwise sequence alignment: 

○ EMBOSS Needle web server (EMBL-EBI, UK) 

● for homology modeling: 

○ Modeller 10.4 (Šali and Blundell 1993) 

● for protein-protein docking: 

○ HADDOCK 2.4 web server (Van Zundert et al. 2016; Honorato et al. 2021) 

○  

https://www.zotero.org/google-docs/?IMaUVs
https://www.zotero.org/google-docs/?1Zp7oo
https://www.zotero.org/google-docs/?1Zp7oo
https://www.zotero.org/google-docs/?1Zp7oo
https://www.zotero.org/google-docs/?tcSztq
https://www.zotero.org/google-docs/?tcSztq
https://www.zotero.org/google-docs/?tcSztq
https://www.vandepeerlab.org/
https://www.zotero.org/google-docs/?CGEDhp
https://www.zotero.org/google-docs/?CGEDhp
https://www.zotero.org/google-docs/?CGEDhp
https://www.zotero.org/google-docs/?nmnAvI
https://www.zotero.org/google-docs/?nmnAvI
https://www.zotero.org/google-docs/?nmnAvI
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● for protein molar extinction coefficient calculation: 

○ ProtParam tool (Expasy, Swiss Institute of Bioinformatics) 

 

 

 

Proteins and plasmids 

 

For the overexpression of the proteins in the bacterial strain, E. coli  plasmid vector pCA528 

was used. This vector carries KanR gene for kanamycin resistance, lacI for a cloned gene 

expression regulation,  ori and the MCS (multicloning site). The MCS contains lac operator 

(regulation by lacI), T7 promoter and RBS (ribosome binding site) upstream a cloned gene, and 

SUMO-His6-tag downstream a cloned gene for the IMAC affinity purification and the higher 

yield of the overexpressed protein (Peroutka III et al. 2011). The sequences of the human 

HSC70 WT, HSC70 V438F mutant (SBD-mutant) and HSC70 L392E,L392E mutant (linker 

mutant, allostery-deficient) were cloned into MCS of pCA528 and provided to us by Matthias 

Mayer research team (ZMBH, Heidelberg, Germany). The protein sequences are enlisted in 

Appendix 1. 

 

 

Spectrophotometric measurements of protein concentration 

 

Concentrations of all proteins were measured on the DeNovix DS-11 FX+ spectrophotometer 

at the wavelength 280 nm according to the Lambert-Beer law (equation below). The molar 

extinction coefficients were calculated in Expasy ProtParam web tool by using the protein 

sequences as an input (Appendix 1). Prior to measurements, the spectrophotometer was 

blanked to the corresponding buffer, in which a target protein is dissolved (e.g., HKMG150 or 

HKM).  

𝐴 =  𝐶 ⋅  𝜀 ⋅  𝑙 

 

 

Bacterial  transformation 

 

For all used E. coli strains and plasmids, the same transformation protocol was used and the 

whole procedure was carried out in sterile conditions (next to the Bunsen burner or in the 

https://www.zotero.org/google-docs/?pKaGog
https://www.zotero.org/google-docs/?pKaGog
https://www.zotero.org/google-docs/?pKaGog
https://www.zotero.org/google-docs/?pKaGog
https://www.zotero.org/google-docs/?pKaGog
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laminar flow hood) and with the sterile tools/chemicals. The competent cell aliquots were 

prepared in advance, stored at -80 oC and thawed prior to transformation on ice; LB and LB-

agar were prepared in advance. 1 𝜇l of a plasmid (70-90 ng/𝜇l) was added to a competent cell 

aliquot (40 𝜇l), properly mixed and left to incubate for 30 min on ice. Then, the aliquot was 

placed into the incubator for 45 s at 42 oC; immediately after 500 𝜇l of LB medium was added 

and properly mixed in the aliquot by pipetting. The aliquot was subsequently incubated in the 

Thermomixer at 37 oC and 300 RPM for 60 min. The aliquots were spinned down on the 

centrifuge (1 min, 3500g), the supernatant is mostly discarded with only 40-50 𝜇l left in the 

tube. With this volume, the bacterial pellet was resuspended and plated onto LB-agar-

kanamycin Petri dishes with a sterile hockey-stick cell spreader. The ready Petri dishes were 

stored at 37 oC upside-down overnight; the Petri dish slits were covered with a parafilm layer. 

For further storage, the Petri dishes with bacterial colonies were stored in a fridge at 4  oC. 

 

 

Bacterial culture growing and protein induction 

 

After the transformation procedure and growing the BL21 Rosetta gami 2 strain on LB-agar 

plates with kanamycin (see section “Bacterial transformation”), one colony was picked up by 

a pipette tip and dissolved in 15 ml of sterile LB medium supplemented with kanamycin (50 

𝜇g/ml). The primary culture was incubated in the Multitron Pro shaker at 37oC and 200 RPM 

overnight. The next day, 100 𝜇l of the primary culture was passaged to 15 ml of M9 medium 

with kanamycin (50 𝜇g/ml) and grown overnight at the same conditions. This procedure was 

repeated once again, to ensure the 14N/15N turnover in cells. 

 After all the passages (15 ml LB → 15 ml M9 → 15 ml M9), 600 𝜇l of bacterial culture was 

dissolved in 600 ml of M9 medium and grown at 37oC and 180 RPM until reaching the O.D. = 

0.8 - 0.9, which took approx. 3-4 h. The O.D. was measured spectrophotometrically at 𝛌 = 600 

nm in cuvettes (against the corresponding medium as a blank). Then, the temperature in the 

shaker was decreased to 25oC, the culture was left for an additional 20-30 min. After, 600 𝜇l of 

1 M IPTG was added to the culture (final concentration in culture 1mM), which was grown 

overnight at 25oC and 180 RPM. The following day, the bacterial pellets were harvested by 

centrifugation (20 min, 4 oC, 14000g). The supernatant was sterilized and discarded, the pellets 

were collected manually by a spatula into 50 ml falcon tubes and stored at -80 oC. To verify the 

induction, SDS-PAGE of bacterial culture samples before and after the induction was carried 
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out. The SDS-PAGE samples were prepared in the following fashion: 1) dilute the culture to 

O.D. = 0.3, 100 𝜇l ; 2) spin down by centrifugation (5000g, 1 min); 3) discard the supernatant 

and resuspend the pellet in 20 𝜇l of water/buffer/medium; 4) add 5 𝜇l of 5x SDS loading dye, 

mix and heat at at 95 oC for 5 min.  

 

 

Protein purification  

 

All the proteins were produced with SUMO-His6-tag on their C-terminus, which enabled the 

IMAC purification with chromatographic columns with Ni-NTA stationary phase. The tag was 

cleaved off in the following steps of the purification procedure. 

 

1) Pellet resuspension. The pellet from  -80 oC was thawed on ice and resuspended in 50 

ml of Tris lysis buffer supplemented with protease inhibitors (10 𝜇g/ml aprotinin, 10 

𝜇g/ml leupeptin, 8 𝜇g/ml pepstatin, 1mM PMSF) and DNase I (0.2 U/ml). The 

suspension was left at 4 oC on the magnetic stirrer for 30-40 min until the pellet was 

completely dissolved. 

2) Cell lysis. For softer lysis, the EmulsiFlex-C3 High Pressure Homogenizer was used. 

The sample container was washed (run through the homogenizer) 3x with cold dH2O 

and 2x with the lysis buffer. After, the air regulator pressure was set to 2 bar and 

regulated during the procedure, so the pressure in the homogenizer was kept at 1000-

1100 bar. The bacterial suspension was run through the homogenizer 5-6x. After the 

procedure, the sample container was washed 1x with warm tap water, 2x with cold dH2O 

and 1x with 40% isopropanol. Finally, 20-30 ml of 40% isopropanol was poured into 

the sample tank (for the storage purposes). 

3) 1st IMAC. The first IMAC run was carried out on 5 ml EconoFit Nuvia (Ni-NTA) on 

the FPLC system NGC Quest 10. Protein fractions were detected by the UV detector at 

280 nm. 

a) The system pumps were initially washed with 50 ml of degassed and filtered 

dH2O and 50 ml of degassed lysis buffer.  

b) After the column connection, it was washed with 25 ml of degassed and filtered 

dH2O (flow rate 0.5 ml/min), then with 25 ml of degassed lysis buffer (1.5 

ml/min, constant for all the following steps); maximum column pressure was set 

to 1 MPa. 
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c) The sample (lysed bacterial suspension, approx. 50 ml) was manually loaded 

through the pump A inlet, flow-through was collected. 

d) The column was washed with 35 ml of the degassed high salt buffer, the flow-

through was collected. 

e) The column was washed with 20 ml of the ATP buffer, the flow-through was 

collected. 

f) The column was washed with 40 ml of the degassed lysis buffer. 

g) The gradient elution with the elution buffer (lysis buffer + 300 mM imidazole) 

was performed by the preset method created in ChromLab operating software 

(Tab.2). The pump B was inserted in the elution buffer, the pump A - lysis 

buffer. The fraction volume was set to 2 ml. The collected fractions were 

analyzed by SDS-PAGE. 

h) The column was washed with 25 ml of dH2O and 15 ml of 20% ethanol 

(degassed, filtered). 

 

Tab.2. The elution method for the 1st IMAC procedure. 

Step Total volume, 

ml 

Step Description Fraction of 

the flow via 

pump B, % 

Phase Name 

1 5  Isocratic flow 0 Equilibration 

2 5 Zero Baseline (of the 

UV detector) 

0 Equilibration 

3 105 Gradient flow 

(fraction size 2 ml, 

start on intensity  50 

mAU, end on 

intensity 50 mAU) 

0-100 Elution 

4 130 Isocratic flow 100 Column wash 

 

4) Tag cleavage and dialysis. The SUMO-His6-tag was cleaved off by Ulp1 (recombinant, 

SUMO-specific, His-tagged protease). The chosen IMAC fractions from the previous 

step were joined together (25-30 ml), mixed with the Ulp1 (0.25 mg/ml), placed into the 

14 kDa cellulose membrane for the overnight dialysis at 4 oC on the magnetic stirrer. 

The HKMG150 buffer was used for the dialysis (2 l, cold).  

5) 2nd IMAC (reverse). Prior to the 2nd IMAC run, the small aliquot for SDS-PAGE was 

taken. 5 ml EconoFit Nuvia (Ni-NTA) was used for this procedure to get rid of the Ulp1 
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protease and the cleaved SUMO-His6-tag. The column was washed and equilibrated 

similarly to the 1st IMAC step (10 ml of  degassed and filtered dH2O with the flow rate 

0.5 ml/min; 10 ml of HKMG150 buffer with the flow rate 1 ml/min). The protein 

solution was manually loaded into the pump A; the column was additionally washed 

with 2-4 ml of the HKMG150 buffer until the absorbance at 280 nm hadn’t dropped to 

the noise level. Consequently, the column was washed with 10 ml of the elution buffer, 

the collected eluate was analyzed by SDS-PAGE, as well as the initial flow-through (the 

purified protein). 

6) Protein concentrating and SEC. Since chromatographic techniques lead to a severe 

dilution of the sample, the concentrating step prior to the SEC run was carried out. For 

this step, 30 kDa MWCO Amicon centrifugal filters (15 ml) were used (6000g, 15-30 

min). The concentration of the protein solution collected in the previous was measured 

spectrophotometrically; the concentrating time was adjusted accordingly. The ENrich™ 

SEC 650 10 x 300 column was applied for this step. For the SEC run, the loop injection 

was used; the injection volume was set to 2 ml, the protein concentration for 1 injection 

was 2 mg/ml (maximal column load is 5 mg of protein). The maximal pressure was set 

to 4 MPa, the flow-rate was constant during the run (1 ml/min). Prior to the sample 

injection, the column and the injection loop were washed with 48 ml of degassed and 

filtered dH2O (flow rate 0.5 ml/min) and after with 48 ml of degassed HKMG150 

supplemented with 1 mM TCEP (1 ml/min). The injection into the loop was carried out 

manually by the syringe injection (4 ml syringe, ???). The chromatographic method for 

SEC was created and adjusted in ChromLab operating software, both pump inlets (A 

and B) were in the degassed HKMG150 buffer (Tab.3). After the fraction elution, the 

column was washed with 48 ml of degassed and filtered dH2O and consequently with 

36 ml of 20% ethanol (degassed, filtered). 

7) SDS-PAGE of the collected SEC fractions. Each fraction was analyzed by the 

standard SDS-PAGE protocol (see “SDS-PAGE” section above). 10  𝜇l of each fraction 

was mixed with 2.5 𝜇l of the SDS-PAGE sample buffer, heated and spinned down.  

8) Protein storage. The chosen fractions were united, the concentration was 

spectrophotometrically measured and the protein mixture was aliquoted (1.5 ml) into 

eppendorf tubes. The ready aliquots were quickly frozen in liquid nitrogen and stored 

at -80 oC.  

 

 



56 

 

Tab.3. The elution method for the SEC procedure. 

Step Total volume, ml Step Description Phase Name 

1 2 Isocratic flow Equilibration 

2 2 Zero Baseline (of the UV detector) Equilibration 

3 6 Load Inject Sample: 

1) Inject Sample (4 ml) 

2) Change Valve (Sample 

Inject Valve)  

Sample 

application 

4 46 Fraction collection (fraction size 1 

ml; start on intensity 20 mAU, end 

on intensity 20 mAU) 

Elution 

 

 

 

SDS-PAGE  

 

SDS-PAGE was used to verify the induction of protein expression in the production strain, at 

all steps of protein purification and after the XL reaction. The stacking gel (5%) and the 

resolving gel (10%) was prepared according to Tab.1. The stacking gel was prepared first and 

poured between the glasses up to approx. 2 cm below the comb level; immediately after, 100  

𝜇l of isopropanol was placed to avoid the bubbles and to align the gel level. After 20-30 min, 

isopropanol was removed and the resolving gel was poured to the top and the well comb was 

placed. The polymerized gel was placed into the SDS-PAGE container, which was filled with 

1x Tris-glycine SDS-PAGE running buffer. The samples were prepared by mixing in the 1:5 

(v/v) ratio with 5x SDS-PAGE sample buffer, heated in a thermostat at 95 oC for 5 min and 

quickly spinned down with a table centrifuge (2 min, 5000g). The 10-15 𝜇l of a sample was 

placed into a gel well by pipetting; as the protein marker, Pierce™ Unstained Protein MW 

Marker was used. The electrophoretic separation was running for 45-60 min at the constant 

current (50-60 mA per 1 gel). Then, the gel was stained by the staining solution for 6-7 min and 

then placed into the destaining solution for several hours; during the destaining, the solution 

was exchanged after 1 h. The pictures of the gels were taken in ChemiDoc MP. 
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Tab.1. The SDS-PAGE gels composition. 

Chemicals  Resolving gel (10%) - 20 ml Stacking gel (5%) - 5 ml 

dH2O 7.9 ml 3.4 ml 

30% acrylamide mix 6.7 ml 830 𝜇l 

1.5 M Tris-HCl, pH = 8.8 5 ml — 

1 M Tris-HCl, pH = 6.8 — 630 𝜇l 

10% SDS 200 𝜇l 50 𝜇l 

10% APS 200 𝜇l 50 𝜇l 

TEMED 15 𝜇l 7 𝜇l 

 

 

Mass photometry 

 

Mass photometry works on the basis of the interference between scattered and reflected light 

incident on a solution and on the basis of ratiometric imaging. The scattering pattern varies for 

the species of different molecular mass, which makes mass photometry a robust and simple tool 

to analyze the heterogeneity of large biomolecules, i.e., proteins or nucleic acids (Sonn-Segev 

et al. 2020). This technique was applied to indicate and estimate the HSC70 dimer in the 

molecular population. In order to verify the role of ATP in chaperone dimerization, the ATP-

time-dependent mass photometry experiments were performed on the Refeyn TwoMP (placed 

on the Accurion vibration-isolation bench); the instrument was operated by the Refeyn 

AcquireMP software, the data were processed in Refeyn DiscoverMP software. Prior to the 

experiments, the objective was carefully cleaned by 40% isopropanol solution. The calibration 

was done on the BSA solution and IgG solution (final concentrations 10 nM). The instrument 

was calibrated each 2-3 h during the measurements.  

All the HSC70 samples were thawed on ice prior to the measurements and concentrated with 

the Amicon UltraCentrifugal filter (30 kDa MWCO). The buffer was exchanged to HKM buffer 

by ZebaSpin 7 kDa MWCO columns. All the protein mixtures were diluted to 20 𝜇M total final 

concentration; the 6 mixtures were prepared in total: only HSC70 WT, only SBD mutant, only 

linker mutant, 1:1 equimolar mix of WT+SBD mutant, 1:1 equimolar mix of  

https://www.zotero.org/google-docs/?U9Wxk3
https://www.zotero.org/google-docs/?U9Wxk3
https://www.zotero.org/google-docs/?U9Wxk3
https://www.zotero.org/google-docs/?U9Wxk3
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Fig.15. The HSC70  mass photometry experiment 

design. The initial mixture (20 𝜇M of HSC70 in 

HKM buffer) was incubated overnight at room 

temperature (RT) and serially diluted to 10 nM prior 

to the measurement (0 min time-point). After, the 

ATP was added (final concentration 40 𝜇M in 20 

𝜇M of HSC70), incubated at RT for 10 min and 

measured. Consequently, the measurements were 

done in 10 min intervals (20, 30, 40, 50, 60 min 

time-points), the last measurement was done at 90 

min time-point, when the dimer level stabilized . 

 

 

WT:linker mutant, 1:1 equimolar mix of SBD-mutant+linker-mutant. All the protein solutions 

were incubated at room temperature overnight in the HKM buffer to achieve the 

monomer/dimer equilibrium in a liquid phase. The experiment design is depicted in Fig. 15. It 

is practically possible to measure the 10-20 nM final protein concentration;  higher 

concentrations ultimately lead to the molecular crowding effect and inability to distinguish 

between the particles of different molecular weight in the solution due to the noisy signal and 

decreased resolution. Thus, it was necessary to perform the serial dilution of a sample prior to 

the mass photometry measurement. During the data analysis, the dimer/monomer ratio was 

calculated by dividing the dimer signal intensity (or “counts”) by the monomer signal intensity; 

then, the normalized dimer/monomer ratio values were plotted against time (done in Microsoft 

Office Excel). 

 

 

Cross-linking and sample preparation for LC-MS 

 

1. Incubation. 14N- and 15N-versions of HSC70 were thawed on ice, concentrated and 

desalted in the same way as was described in the section “Mass photometry” (see above). 

During the desalting/buffer exchange, the final buffer for HSC70 incubation was HKM 

supplemented with 1 mM TCEP (to avoid the emergence of the artificial dimers through 

the oxidation of cysteine thiol groups and formation of disulfide bonds). Then, the 14N- 

and 15N-proteins were mixed in 1:1 molar ratio and digested by trypsin/Lys-C (final 



59 

concentration 0.2 mg/ml) for 30 min at 37 oC. The mixture of digested peptides was 

then analyzed by MALDI-TOF to adjust the real molar ratio of 14N/15N-proteins for the 

final incubation. The matrix solution was prepared by mixing the equal volumes of 

acetonitrile, 0.1% TFA solution and saturated ⍺-cyano-4-hydroxycinnamic acid 

solution in methanol. After, the sample solution (digested peptides) and the matrix 

solution were mixed together in 1:1 ratio (v/v); 1  𝜇l of the new solution was pipetted 

onto the well of MTP 384 target plate ground steel BC and let to completely dry (10-15 

min). In the same fashion, the standard sample (Peptide Calibration Standard II) was 

prepared and placed onto the MALDI plate. The samples were analyzed at the laser 

intensity 35-45%, the ionization spots on the well were picked up manually by the 

MALDI-TOF operating software (FlexControl 3.4). For the calibration and 

measurements, the preset method for the peptides of 700-4500 kDa molecular weight 

range was used. According to the ratio between the signal intensities of 4N- and 15N-

peptides originating from the tryptically digested HSC70 mixture, the proper 

adjustments of the protein concentration for the final incubation were made. Unlabeled 

and labeled HSC70 were then mixed in 1:1 molar ratio (final total protein concentration 

20 𝜇M) in HKM buffer with 1 mM TCEP and incubated overnight at 25 oC. Each sample 

was prepared in triplicate. 

2. Cross-linking. For all XL experiments, the DSS cross-linker was used (see section 

“Cross-linking mass spectrometry”. The final concentration of the cross-linker was 

calculated based on the number of lysine residues in the HSC70 WT sequence (54 Lys, 

therefore approximated molar ratio HSC70:DSS = 1:50). Prior to the XL reaction, 40 

𝜇M ATP (final concentration) was added to the chaperone solution and incubated for 

90 min; this cross-linking time was determined by the mass photometry measurements 

described earlier. After 90 min incubation, DSS powder aliquote was initially dissolved 

in DMSO, added to HSC70 and carefully mixed by pipetting (DSS final concentration 

1 mM). The cross-linking reaction was going for 60 min at room temperature.  

3. Reduction, carbamidomethylation and digestion. At this step, it’s important to get 

rid of all probable disulfide bonds and block the thiol groups, so in the cross-linked 

sample no possible cysteine oxidation and disulfide bond formation can occur. The 

reducing agent used is TCEP; for the carbamidomethylation, 2-chloroacetamide is used. 

The latter reagent reacts with thiol groups via nucleophilic attack, leaving -CH2CONH2 

moiety covalently attached to the thiol sulfur atom. The reaction mixture content is listed 

in Tab.4. The addition of the basic cleavage buffer is necessary due to the following 
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digestion step with trypsin/Lys-C (pH optimum 7.8-8.7). The reduction-

carbamidomethylation reaction was carried out in an incubator at 70 oC for 5 min. For 

the digestion, the final trypsin/Lys-C concentration 0.045 mg/ml was used (1 𝜇g per 

sample). The digestion was carried out overnight at 37 oC in an incubator. The following 

morning, the digestion was quenched by the addition of TFA (final concentration 0.1% 

(v/v), to the final volume 40 𝜇l. 

 

 

Tab.4. The reduction/carbamidomethylation reaction composition. 

Component Volume added, 𝜇l 

XL-sample (HSC70) 10 

cleavage buffer  10 

100 mM TCEP (in cleavage buffer) 2 

1 M 2-chloroacetamide (in cleavage buffer) 0.8 

Total volume 22.8 

 

 

LC-MS measurements 

 

For the chromatographic separation of the tryptically digested peptides and mass spectrometry 

analysis, the UHPLC system Agilent 1290 Infinity II connected to the inlet of 15T solariX FT-

ICR was used. 5 𝜇l of the sample was injected by the Agilent 1290 autosampler into the 

desalting precolumn and desalted at flow rate 20 𝜇l/min for 5 min. Then, the desalted peptide 

mixture was injected into the analytical column separated at  flow rate 10 𝜇l/min and 50 oC  in 

acetonitrile gradient (5-35%) for 35 min (maximal pressure 1000 bar). Then the column was 

washed with 95% acetonitrile for 5 min and equilibrated with 5% acetonitrile for 15 min, ready 

for the next injection. Mass spectra were acquired in positive mode over the m/z range 250–

2500 with 106  data points transient and 0.2 s ion accumulation with two averaged scans per 

spectrum. The MS measurements were performed by the FT-ICR operating software, 

ftmsControl 2.1.0. As a standard, 1 pmol/𝜇l BSA solution was used.  
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Data analysis of identified XL-peptides 

 

The acquired MS-spectra were analyzed with Bruker Data Analysis 4.4 (LC-MS data export, 

manual validation of  “raw” spectra) and LinX 2.0 softwares (XL-peptide identification, the 

spectra assignment to the theoretically possible cross-link library). LinX requires 3 inputs for 

the assignment operation (Kukačka et al. 2021) : 

1. Input 1 includes protein sequences, cleavage sites and possible residue modifications: 

the FASTA sequences of HSC70 WT, SBD-mutant and linker-mutant were used as 

input sequences; the cleavage sites were defined by trypsin/Lys-C cleavage specificity 

(C-terminal side of lysine and arginine) with 3 miss-cleavages allowed and the 

forbidden cleavage on modified sites (i.e., on the cross-linked Lys residues). The cross-

linker, which has reacted with the residues and now covalently attaches 2 different 

amino acid residues, sterically hinders the docking of a protease on the corresponding  

cleavage site. In our experiments, the Lys-specific DSS cross-linker was used, which 

eventually blocks the action of trypsin/LysC on the DSS-cross-linked site. For 

modifications, variable oxidation of methionines (possible during the purification and 

sample preparation; +15.9949 Da)  and fixed carbamidomethylation on cysteines (see 

“Cross-linking and sample preparation for LC-MS” section; +57.0215 Da) were 

defined. 

2. Input 2 requires the definition of a used cross-linker and cross-linkable residues. In our 

case, the DSS cross-linker was used; Lys and N-terminus were defined as cross-linkable 

residues.  

3. The LC-MS data were exported in Data Analysis into .txt format, i.e., the suitable input 

for LinX, by the method script written in our laboratory. The .txt data files generated in 

this fashion served as an input 3 for LinX. To improve the data analysis, the XL-

peptides identified over the range of chromatographic scans were joined by the internal 

LinX tool PeakJoiner (mass tolerance - 2 ppm, maximum missing scans - 4). 

After providing all the inputs, the assignment process was run with 1 ppm precision and no 

peptide length/mass filtering; the input 3 format was defined as MSe. The output was then 

checked for 15N-labeling (all the settings were kept default). The resulting table includes: an 

XL-peptide sequence, the residues numbers from the original protein sequence, the possible 

modifications, bonds created by a cross-linker molecule, number of chromatographic scans 

where the given XL-peptide was identified (optimized by PeakJoiner tool), the real peptide 

https://www.zotero.org/google-docs/?Uyjv2K
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charge state, how many forms were found (among 4 theoretically possible - 14N/14N, 14N/15N, 

15N/14N, 15N/15N) and the m/z values for all the forms in a mono charged and the m/z values of 

the actual corresponding charge state. If for a given XL-peptide all 4 forms were assigned by 

LinX, the inter/intra ratio is calculated as well according to the equation from Fig. 13. Due to 

possible false-negative hits, every relevant identification was manually validated in 

DataAnalysis software by checking the raw mass spectra for the presence of the corresponding 

m/z peaks. In Fig.16, the example of LinX identification (Fig.16A) and the mass spectra 

displayed in DataAnalysis (Fig.16B) are shown. For the majority of identification, the 

inter/intra ratio was calculated manually from the base peak intensities from XL-peptide form 

isotopic shells; for the given example, the ratio was calculated in Fig.16C. 

It’s noteworthy that not in each experiment the identifications with all 4 forms present were 

analyzed. In case of the mixed experiments (i.e., WT and SBD-mutant, WT and linker-mutant, 

SBD-mutant and linker-mutant) the emergence of a symmetrical homodimer isn’t guaranteed. 

Taking into consideration dimer models, which aren’t symmetrical (see Fig.10), it is possible 

that in some cases the given cross-link might appear only either in 14N/15N or 15N/14N 

orientation. Thus, for the aforementioned experiments, both the hits with 4 forms and 3 forms 

found were analyzed.  

The relevant identifications were then exported to an Excel table, where the inter/intra ratio was 

calculated for every replicate. The ratios among replicates were then averaged and the standard 

deviation was calculated. Then, the Venn diagrams were generated to filter out the cross-links 

found in all 3 replicates. The refined data was later used to perform in silico docking with 

HADDOCK 2.4 server. 

 

 

 

Homology modeling of the ADP-bound HSC70 

 

Due to the absence of a 3D model of the ADP-bound human HSC70 in any available repository, 

it was decided to create a homology model based on the ADP-bound structure of the Hsp70 

homologs. The procedure was carried out in the Modeller 10.4. Firstly, an appropriate template 

was found in the RCSB-PDB database. The most suitable structure including both NBD and 

SBD domains with a bound ATP molecule was the Hsp70 chaperone from E. coli, DnaK, the 

model of which was determined by the solution NMR (PDB code 2KHO, Fig. 5B). 
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Fig.16. The example of an identified XL-peptide. A. The output from LinX. The columns are commented above 

(section “Data analysis of identified XL-peptides”); LL - light-light form (14N/14N); LH - light-heavy form 

(14N/15N); HL - heavy-light form (15N/14N); HH - heavy-heavy for (15N/15N). B. The corresponding mass spectra 

of all 4 identified forms. The m/z values of each form are listed in the table above the spectrum. C. The example 

of the inter/intra ratio calculation for the identified cross-link: the sum of base peak intensities of the intermediate 

forms (i.e.,14N/15N and 15N/14N) is divided by the sum of base peak intensities of the completely light (14N/14N) 

and completely heavy form (15N/15N). This value provides a rough estimate of how often the given cross-link 

emerged between different homodimer subunits. In this case, the calculated value is very close to 1, which suggests 

that it is most probably of the dimer origin 

 

 

The sequence pairwise alignment of human HSC70 and E. coli, DnaK was done in the 

EMBOSS Needle web server; the human HSC70 sequence was taken from the Uniprot database 

(entry P11142), the template DnaK sequence was taken from the RCSB-PDB structure web 

page. The output alignment file was adjusted to the .ali format suitable for Modeller, The 

models were generated by running the installed Modeller 10.4 script through the  command line 

tool according to the developer’s manual. Ten models were generated in total. The best model 

was chosen by the lowest superposition RMSD value: each model was superimposed to the 

DnaK template structure and evaluated in PyMOL. 
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Mapping of the identified cross-links onto the protein model 

 

For this step, UCSF ChimeraX 1.5 and the XMAS ChimeraX package were applied. The ADP-

HSC70 model was opened in ChimeraX twice to map the identified cross-links on a putative 

HSC70 dimer and analyze the mutual subunit orientation. The input file for XL-mapping, i.e., 

“the evidence file”, was created manually in .csv format (an Excel table), similar to the output 

of the supported XL-MS search engines, e.g., XlinkX for Proteome Discoverer. The table 

consists of columns: 1) Checked (empty); 2) Cross-link sequence (a XL-peptide sequence 

divided by a vertical slash, e.g. IPKIQK|ATVEDEKLQGK); 3) Max. XlinkX Score (random 

numbers); 4) Crosslinker (e.g., DSS); 5) Crosslink Type (in our case, Interlink, between the 

subunits); 7) # CSMs (default 1); 8) # Proteins (empty), 9) Sequence A (first peptide from the 

XL-pair with square brackets at the XL-site, e.g., IP[K]IQK); 10,11,12) Modifications A; 

Accession A; Position A (3 empty columns); 13) Sequence B (second peptide from the XL-pair 

with square brackets at the XL-site, e.g., ATVEDE[K]LQGK); 14,15,16) Modifications B; 

Accession B; Position B (3 empty columns); 17,18) Protein description A; Protein description 

B (empty, can be filled at discretion); 19) Is Decoy (set to FALSE); 20) Q-value (set to 0); 21) 

merged (empty). The evidence file in .csv format, designed manually in the aforementioned 

fashion, was uploaded to ChimeraX to the field “Evidence files”; consequently, the pseudobond 

file (.pb) was generated by using the “Map cross-links” function. With the “Integrate” function, 

the distance restraints files in .tbl format were generated for HSC70 protein-protein docking in 

the HADDOCK 2.4 server. During this procedure, the chain A and chain B were selected (the 

1st and the 2nd HSC70 molecules, respectively), as well as the corresponding pseudobond file. 

The distance restraints were set in the following manner (according to the properties of the used 

cross-linker - DSS): the minimum - 5 Å, the median - 24 Å, the maximum - 30 Å. These 

distances are between the C⍺ atoms of the cross-linked residues, rather than the cross-linker 

spacer arm length.  

Additionally, the identified XL-sites were mapped on the HSC70 cartoon sequence by the 

xiVIEW webtool. As the inputs, HSC70 FASTA sequences and the identification file with the 

XL-sites in .csv format were used. The identification file contains the columns: 1) Type (in our 

case, Inter-protein); 2) Protein_1 (e.g., first HSC70 subunit, HSC70_1); 3) AbsPos1 (the 

number of a corresponding XL-site on the first subunit); 4) Protein_2 (e.g., second HSC70 

subunit, HSC70_2); 5)AbsPos2 (the number of a corresponding XL-site on the second subunit). 
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The names of the proteins defined in “Protein_1” and “Protein_2” columns should be exactly 

the same as the used ones in the input FASTA files.  

 

 

Docking and validation of the HSC70 WT dimer model  

 

Due to the highly flexible nature of the ADP-bound HSC70 conformation (Fig. 5B), where 

NBD and SBD can adopt various mutual positions enabled by the disordered linker, the specific 

approach for docking was chosen. In the developed docking workflow for multidomain flexible 

proteins, such proteins are treated as a certain number of individual subunits: in putative 

disordered or hinged regions, a multidomain protein is cut and the emerged subunits are docked 

as independent entities (Karaca and Bonvin 2011). For the human HSC70 WT, the separated 

domains were created manually by dividing NBD (residues from 1 to 381) and SBD (residues 

from 399 to 646) into 2  .pdb files and erasing the atom coordinates for the HSC70 linker 

(residues between the domains, i.e., 382-398). Since no XL-sites were identified in this linker 

region, it was ensured that no structural information was lost during the dimer docking; 

nonetheless, to include the necessary distance constraint, naturally provided by the linker, the 

XL-site detected between NBD and SBD was also used for the docking. This XL-site was 

therefore mimicking the linker distance constraint. 

As a docking tool, the HADDOCK 2.4 web server was applied. The created .pdb files for NBD 

and SBD were uploaded as input structures; it’s worth noting that each domain was used twice 

and the according chain names were assigned (for the 1st subunit, the NBD was assigned as 

“Chain A”, the SBD - as “Chain B”; for the 2nd subunit, the NBD - as “Chain C”, the SBD - as 

chain “Chain D”). Thus, 4 polypeptide molecules were used as input data in total. In the “Input 

parameters”, all the settings were set default without defining active and passive residues (the 

first are directly involved in interactions; the second are less involved in interactions and not 

present in an interaction interface). In the “Docking parameters”, the previously generated 

distance constraint .tbl file was used as unambiguous restraints (see “Mapping of the identified 

cross-links onto the protein model” section). The center of mass restraints was defined to 

enforce contact between the molecules (the forced constant for surface contact restraints - 1). 

In addition, the changes were made in the scoring function - the energy of distance restraints 

for all iterations and water refinement (Eair1, Eair2, Eair3) were set to 1. The output dimer 

models were then validated manually in PyMOL2. 

 

https://www.zotero.org/google-docs/?p1DqAw
https://www.zotero.org/google-docs/?p1DqAw
https://www.zotero.org/google-docs/?p1DqAw
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Results 

 

Molar extinction coefficient calculation 

 

The molar extinction coefficients of the studied proteins were calculated by Expasy ProtParam 

web tool as was stated previously (see “Spectrophotometric measurements of protein 

concentration”). The output molar weight and the coefficients (Tab.5) were then applied to the 

DeNovix DS-11 FX+ spectrophotometer for the correct protein concentration measurements. 

However, since the mutations haven’t introduced any tryptophan residues, the value of the 

molar extinction coefficient is the same for all 3 proteins. For the 15N-HSC70 proteins, the 

specific MW and coefficients weren’t calculated, because the molar ratio adjustment was done 

later by MALDI-TOF analysis (see “Cross-linking and sample preparation for LC-MS” 

section). 

 

Tab. 5. The calculated values of MW and molar extinction coefficients for the studied proteins. 

Protein MW, Da Molar ext. coefficient, M-1 cm-1 

HSC70 WT 70898.09 33350 

HSC70 SBD-mutant (V438F) 70946.14 33350 

HSC70 linker-mutant (L392E, L394E) 70930.00 33350 

 

 

 

Protein overexpression and purification 

 

Before and after the addition of IPTG for the protein expression induction from the plasmid, 

the aliquots of bacterial culture were taken to verify the protein overexpression by SDS-PAGE 

(Fig. 17). The visible band of 70 kDa protein can be seen after induction, both for 14N- and  15N-

labeled HSC70 (in the Fig.17 only 15N-HSC70 are shown). 

For the first purification carried out (for HSC70 WT), the 1st IMAC fractions collected by the 

imidazole gradient elution were checked by SDS-PAGE: the very prominent bands 

corresponding to the uncleaved HSC70-SUMO-His6 can be seen (Fig.18B). It’s noteworthy  
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Fig.18. The SDS-PAGE gels for the 15N-HSC70 overexpression. The effect of IPTG induction ( -  before induction, 

+ after induction. The HSC70-SUMO-His6 bands emerged after the addition of IPTG to the bacterial cultures. The 

results for all the overexpressed proteins were identical. 

 

 

that much less intense bands just below the uncleaved protein are also visible; these bands are 

believed to be the cleaved HSC70, without the tag. The tag cleavage might have partially 

occurred naturally, within the expression strain cells. For the purifications of the remaining 

HSC70 proteins, the 1st IMAC fractions weren’t checked by SDS-PAGE due to time saving. 

The band in 35-45 kDa range was present in all the fractions and has an unknown nature; 

probably, it can be a histidine-rich protein, which coeluted with the tagged chaperone. 

The activity of the Ulp1 protease was verified on the small aliquot of HSC70-SUMO-His6 

(Fig.19). After the overnight incubation with 0.25 mg/ml Ulp1-His6, the tagged HSC70 band 

shifted lower on the SDS-PAGE gel and the very low-intensity SUMO-His6 band 

(approximately 12 kDa) appeared. In fact, SUMO-His6 has a retarded electrophoretic mobility 

and is usually visible at 17-18 kDa level. In addition, the noticeable band corresponding to 

Ulp1-His6 (27 kDa) obviously appeared after the cleavage.  The same unknown band within the 

35-45 kDa range was detected as well. For the following routine purification, only HSC70 

samples before cleavage (B.C.) and after cleavage (A.C.) were verified by SDS-PAGE. The 

2nd, or reverse, IMAC elution hasn’t been performed with fraction collection: the flow-through 

was just collected into a 1 falcon tube. Therefore, only 1 sample from the overall 2nd IMAC 

eluate was analyzed by SDS-PAGE to see the removal of Ulp1-His6 and SUMO-His6, which 

have to be captured onto Ni-NTA resin and thus separated from the cleaved HSC70. It can be 

perfectly seen in Fig.19B (A.C. and 2.Ni lines). For the last chromatographic procedure, SEC, 

all the fractions collected were analyzed by SDS-PAGE for all the purification; the example of 

SEC chromatograms and the SDS-PAGE fraction analysis for 14N- and 15N-HSC70 WT is  
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Fig.18. The chromatogram (A) and the fraction analysis by SDS-PAGE (B) for the 1st IMAC procedure during 

the 14N-HSC70 WT purification. The numbers of the collected fractions from the chromatogram correspond to the 

numbers of SDS-PAGE samples. Towards the later fractions, the band intensity decreases; eventually, the fractions 

from 1 to 12 were joined for the further purification process. The cleaved HSC70 is present at a small amount in 

each fractions, which is explained by the in vivo occurring SUMO-His6 cleavage. 

 

 

Fig.19.  Ulp1 activity test (A)  and the  SUMO-His6 removal by the 2nd (reverse) IMAC (B). B.C. - before cleavage, 

A.C. - after cleavage, M - marker, 2.Ni - after the reverse IMAC process. Ulp1 ensured the effective cleavage of 

the vast majority of tagged HSC70, which ultimately led to the electrophoretic shift of the initial tagged HSC70 

band downwards. During the purification process, the band corresponding to the cleaved SUMO-His6 is more 

pronounced (A.C.); however, it’s significantly diminished after performing the reverse IMAC (2.Ni). The Ulp1-

His6 band has the lower intensity after the 2nd IMAC as well, since it’s captured by the Ni-NTA stationary phase 

in the column. 
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Fig. 20. The SEC chromatogram and the corresponding SDS-PAGE fraction analysis for 14N-HSC70 WT (A) and 

15N-HSC70 WT (B). The initial fractions contain the unknown 35-45 kDa band and apparently the unremoved 

Ulp1 protease, as well as lower amount of HSC70; towards the later fractions, the HSC70-band intensity 

significantly increases and the other bands disappears; in A, the fraction 3-7 were merged and stored, in B - 

fractions 4-7. The similar  pattern of separation was observed for the HSC70 mutants (Appendix 2). 

 

 

depicted in Fig.20. For the purified  14N- and 15N-HSC70 SBD mutant and linker mutant 

proteins, the similar data is shown in Appendix 2.  

Even after the successful cleavage by Ulp1, some HSC70-SUMO-His6  bands are still visible 

on the SEC fractions, together with the unknown 35-45 kDa band. However, this unknown band 

isn’t very conspicuous and slowly disappears towards the later SEC fractions. The choice of the 

fractions to merge was dependent on the relative concentration of HSC70 and the contaminants 

(Ulp1 etc.). Because no more than 4-5 mg of the protein can be injected into the SEC column 

used in this process (see Methods), during the purification of one protein several injections and 

SEC runs were performed, producing the same outcome. In total, per 600 ml of the bacterial 

culture grown on the minimal M9 medium, approximately 8-10 mg of the purified protein was 

obtained.  The overall quality and purity of the purified HSC70 WT and mutants in both 14N- 

and  15N-forms were estimated as satisfactory and sufficient for the following mass photometry 

and mass spectrometry experiments.  
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Mass photometry  

 

 

The mass photometry measurements allowed us to compare the ATP-dependent dimerization 

abilities of HSC70 WT, SBD-mutant and linker-mutant in time.Nonetheless, the overnight 

incubation at room temperature didn’t lead to protein denaturation or aggregation in none of the 

studied samples. It’s worth noting that the representation of a chosen molecular species is 

calculated by the data analysis software (i.e., AcquireMP) to the total amount of the detected 

counts and is therefore irrelevant for us; instead, the dimer/monomer relative abundance is of a 

greater interest. During the initial measurements at the 0 min time point, i.e., before the addition 

of ATP, the dimer population level corresponded to the previous estimations. In relation to the 

monomer,  HSC70 WT exhibited 0.40-0.45 relative dimer abundance. On the contrary, the 

SBD-mutant and the linker-mutant achieve lower levels of the dimer, being 0.06-0.07 for the 

SBD and 0.19-0.20 for the linker-mutant (Fig. 21A-C). For the mixed experiments, 1:1 

equimolar mix of HSC70 WT and SBD-mtuant, HSC70 WT and linker-mutant, SBD-mutant 

and linker-mutant, the very different initial dimer populations were observed (Fig.21D-F). The 

highest dimer abundance value among the mixed incubations was detected for the WT:SBD-

mutant experiment (0.37-0.38), almost reaching the levels indicated by WT alone. For the 

WT:linker-mutant case, the calculated dimer/monomer ratio (0.32) falls into the interval of 

values between the WT alone and the linker-mutant alone (from 0.20 to 0.45). The same can be 

concluded from the SBD-mutant:linker-mutant measurement, where the dimer abundance value 

(0.13-0.14) is accommodated within the interval of values corresponding to the proteins alone 

(from 0.06-0.07 to 0.20).  

The necessary ATP-dependent  conformational shift must occur to break down the old dimer 

populations and allow the heterodimer species to form. In order to verify this hypothesis, the 

ATP-dependent dimerization was tackled  for the aforementioned protein mixtures by the mass 

photometry in time. 
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Fig.21. The mass photometry measurements of the HSC70 WT alone (A), SBD-mutant alone (B), linker-mutant 

alone(C), equimolar WT:SBD-mutant (D), equimolar WT:linker-mutant (E) and equimolar SBD-mutant:linker-

mutant (F) at 20 𝜇M total concentration in HKM buffer after overnight incubation at room temperature. In case of 

WT, the dimer population reaches around 43% relative to the monomer; even trimer and higher oligomeric species 

were detected. However, for the mutants the dimer level is significantly lower (6-7% for SBD-mutant and 19-20% 

for linker mutant) and higher oligomeric species don’t reach beyond the noise level. Among the equimolar mixtures 

of the HSC70 variants, the highest dimer proportion is reached by the WT:SBD-mutant (37-38%). The WT:linker-

mutant mixture and the mixture of mutants exhibited 32% and 14% dimer abundance respectively. The trimer 

population was detected for the WT:SBD-mutant and WT:linker-mutant mixtures, but not for the SBD:linker-

mutant mixtures. 

 

 

To quickly achieve the reformation of the HSC70 dimer population, double molar amount of 

ATP was used (20 𝜇M protein and 40 𝜇M ATP in our experiment setup). The rough estimation 

of the ATP-hydrolysis reaction half-time (t1/2) was 30-40 min, meaning the majority of ATP 

will be hydrolyzed after 1-2 hours of incubation (for bacterial DnaK, t1/2≅ 20 min - Laufen 

et al. 1999). For the WT, the effect of ATP binding on the dimer population was noticeable 

after 10 min of incubation (Fig. 22). The dimer peak immediately decreased about 3 times (from 

0.43 to 0.14 ratio) and remained at the same level for the following 30 min after the ATP 

addition. When the ATP pool is consumed, approximately after 30-40 min of incubation, the 

dimer species abundance starts to increase, reaching even the higher dimer/monomer ratio after 

90 min (0.49-0.50). For the rest of the samples, the experiments were conducted in the same 

manner (Appendix 3) and the dimer/monomer ratio values were plotted against the time 

(Fig.23). Interestingly, the dimer level after 90 min achieved in the WT:SBD-mutant 

experiment (0.5) is the same as was observed in the WT only sample (0.5). 

https://www.zotero.org/google-docs/?1wtwwD
https://www.zotero.org/google-docs/?1wtwwD
https://www.zotero.org/google-docs/?1wtwwD
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Fig.22. The ATP-dependent dimerization of HSC70 WT in time. Ten minutes after the ATP addition, the dimer 

level significantly decreases and gradually restores, reaching even higher levels than before the ATP was added (0 

min - 0.43 vs 90 min - 0.49). The gradual increase of the dimer population abundance begins 30-40 min after the 

ATP addition. For the ATP-dependent mass photometry measurements of other protein mixtures, see Appendix 

3. 

 

 

Fig.23. The dimer/monomer ratio changes in time after the addition of ATP. The most drastic changes of the dimer 

abundance was observed for HSC70 WT only experiment; on the contrary, the both mutants (green and blue 

curves) exhibited no reasonable pattern in dimer level changes. Nevertheless, for the non-mixed experiments (WT 

only, SBD-mutant only, and linker-mutant only), the local maximum at the 20 min time-point can be visible. For 

the mixed experiments, the highest dimer level at the final time-point  was observed for the WT:SBD-mutant 

experiment - the dimer/monomer ratio eventually reached the similar value as the WT-alone (red and gold curves). 

The WT:linker-mutant and SBD-mutant:linker-mutant samples didn’t respond to the ATP addition, since only 

minor fluctuations of the dimer abundance were detected. 
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The pattern of the dimer level changes is also similar to the WT only, but the initial dimer 

decrease after the ATP addition is less pronounced  (for the WT only, the dimer level drop is 

from 0.43 to 0.14, i.e., about 3x; for the WT:SBD-only, the drop is from 0.37-0.38 to 0.25, i.e. 

about 1.5x). In the case of the SBD-mutant only sample, the lowest dimer/monomer ratio is 

observed among all other samples; moreover, no ATP-dependent dimerization pattern similar 

to WT can be seen.  

For the linker-mutant only measurement, the overall dimer/monomer ratio is higher than in the 

case of SBD-mutant, but still 2.5x times lower than in the WT case. After 90 min, the initial 

dimer level is achieved. The moderate increase 20 min after the ATP addition can be seen for 

WT only, SBD only and linker only. However, in the 20-30 min time range, the dimer level 

decrease occurs for all of these non-mixed experiments:. In the case of WT:linker mutant 

mixture, no drastic fluctuations in dimer/monomer ratio were observed; eventually, the initial 

ratio value was restored at 90 min time-point. It suggests that less interaction between WT and 

linker-mutant occurs, indicating that the polar residues introduced to the HSC70 linker area 

affect the subunit interaction in the dimer. The similar situation is seen in the two mutants mix 

- the overall pattern of the dimerization for the WT:linker-mutant and the SBD-mutant:linker-

mutant experiments is quite similar, with the exception of even lower interaction happening 

between the mutants.  

Based on the mass photometry measurements, it was discovered that 90 min after the addition 

of ATP in double-molar equivalent,  an HSC70 dimer population undergoes the dissociation 

and the subsequent reassembly, reaching or even overcoming the initial dimer/monomer ratio. 

By the incubation with ATP, the artificial heterogeneity in the dimer population is eliminated 

and the new “monomer-dimer” equilibrium is reached. These conditions were found optimal to 

perform the cross-linking reaction and analyze the HSC70 dimer structure by structural mass 

spectrometry. 

 

 

 

XL-MS data analysis and processing 

 

In total, 9 XL-MS experiments were conducted: 1) 14N-WT + 15N-WT; 2) 14N-SBD-mutant + 

15N-SBD-mutant; 3)  14N-WT + 15N-SBD-mutant; 4) 15N-WT + 14N-SBD-mutant; 5) 14N-linker-

mutant + 15N-linker-mutant; 6) 14N-WT + 15N-linker-mutant; 7) 15N-WT + 14N-linker-mutant; 

8) 14N-SBD-mutant + 15N-linker-mutant; 9) 15N-SBD-mutant + 14N-linker-mutant. For each of 
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the mixed experiments (WT+SBD-mutant, WT+linker-mutant, SBD-mutant+linker-mutant), 

both direct and reverse labeling experiments were conducted to ensure the persistence of 

identified XL-sites orientation. After the XL-reaction and prior to any further processing, the 

protein mixtures were analyzed by SDS-PAGE (Fig.24). Surprisingly, no visible differences 

between the different experiments were observed. The band distribution is quite similar - as 

well as in the control, the pronounced monomer band can be seen; the most retarded bands 

corresponding to the dimer (above 116 kDa) are visible too in each replicate, but not in the 

control. It’s noteworthy that in each XL-replicate the multiple intermediate bands between the 

monomeric and dimeric bands are also clearly distinguishable.  

 

Fig.24. The SDS-PAGE of the cross-linked protein mixtures.. M - marker, Ctrl - control (non-cross-linked sample), 

1/2/3 - number of a replicate. The distinguishable monomer  (red) and dimer (magenta) bands are seen in each 

replicate and experiment; however, the dimeric band isn’t visible in the controls. During the XL-reaction, the 

putative intra-cross-linked monomeric species with the delayed electrophoretic mobility emerge (yellow). 
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After the cross-linking reaction, the subsequent modifications (i.e., thiol group reduction and 

carbamidomethylation) and tryptic digestion were performed. The samples prepared in this 

manner were then analyzed by LC-MS (see LC-MS measurements). The collected LC-MS data 

were then processed by LinX software; the raw mass spectra were analyzed in Compass Data 

Analysis software. Each replicate was checked for the sequence coverage: in all cases, the very 

satisfactory HSC70 sequence coverage was achieved, with the most hits from the N-terminal 

NBD region (residues 1-129) and from the C-terminal SBD region and C-tail (residues 515-

646) (Fig.25). However, no significant differences in sequence coverage were observed among 

different experiments, meaning that the mutations introduced into HSC70 WT don’t affect the 

digestion process.  

The number of the XL-sequences identified by LinX was variable across the different 

experiments (Tab.6). The largest numbers of identifications were observed for the samples 

containing linker-mutant; on the other hand, the lowest number of hits was obtained for the 14N-

WT + 15N-WT experiment. These results were manually validated by checking the raw  

 

Tab.6. The number of identified XL-sequences by the LinX software. 

 

 

 

Experiment Number of identified 

XL-sequences 

14N-WT + 15N-WT 973 

 14N-SBD-mutant + 15N-SBD-

mutant 
1174 

14N-WT + 15N-SBD-mutant 1222 

15N-WT + 14N-SBD-mutant 1434 

14N-linker-mutant + 15N-linker-

mutant 
1836 

14N-WT + 15N-linker-mutant 1760 

15N-WT + 14N-linker-mutant 1634 

14N-SBD-mutant + 15N-linker-

mutant 
1885 

15N-SBD-mutant + 14N-linker-

mutant 2001 
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Fig.25. Sequence coverage of the individual XL-MS experiments. A - 14N-WT + 15N-WT; B - 14N-SBD-mutant + 

15N-SBD-mutant; C - 14N-WT + 15N-SBD-mutant; D - 15N-WT + 14N-SBD-mutant; E - 14N-linker-mutant + 15N-

linker-mutant; F - 14N-WT + 15N-linker-mutant; G - 15N-WT + 14N-linker-mutant; H - 14N-SBD-mutant + 15N-

linker-mutant; I - 15N-SBD-mutant + 14N-linker-mutant. White - unmodified peptide, red - peptide with any 

modification including hanging cross-linker (dead-end cross-linker);  blue - intra- and inter-cross-linked peptides; 

purple - intra- and inter-cross-linked peptides with modification. 

 

mass spectra for the corresponding hits. The detected XL-peptides can be classified into several 

categories. For each of the types, an example spectrum and an output from LinX software is 

provided (Fig.26). Type 1 is basically an intra-peptide cross-link, where the closely localized 

lysine residues get attached by the reagent (Fig.26A). In this case, a cross-link can be identified 

only in 14N/14N (LL) and 15N/15N (HH) forms and 100% comes from a monomer (0% inter XL). 

Type 2 has the similar spectral pattern as type 1, however, here 2 peptides are cross-linked 

(Fig.26B). The cross-linked lysine residues are also located in proximity in the native 

polypeptide, but within the cross-linked region a proteolytic cleavage has occurred. This XL is 

also 100% coming from a monomer, so only LL and HH forms are detected in spectra. Type 3 

is the most valuable cross-links, because all the 4 forms (LL, LH, HL, HH) are detected at more 

or less the same intensity (Fig.26C). The inter/intra ratio (see equation from Fig.14) in this case 

is within 0.9-1.0 range and therefore 90-100% comes from a dimer. The type 3 cross-links were 

eventually used to build the HSC70 dimer model. 
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     Fig.26. Types of the detected XL-peptides. 

 

The type 4 cross-link occurs, when the same residues on the 2 same peptides get attached; only 

3 possible forms (LL, LH/HL, HH) can be detected, because 14N/15N and 15N/14N forms have 

identical m/z value (Fig.26D). For type 4, the equation for the inter/intra ratio is therefore 

slightly modified - the numerator contains only LH/HL intensity instead of 2 intensities of LH 

and HL forms.  Both type 5 and 6 belong to the certain “intermediates” between type 2 (0% 

inter) and type 3 (100% inter): the calculated ratio is below 0.9-1.0, but higher than 0 

(Fig.26E,F). Thus, it’s challenging to unambiguously assign such cross-link to a dimer or to a 

monomer. In this situation we can speculate if a given cross-link originates from a dimer or a 

monomer based on the calculated ratio, which is converted to the probability. In the Fig.26E, 

the ratio is 0.2, therefore it’s 20% probability that this cross-link appears on the interface 

between subunits of a dimer; so, it’s rather intra than inter. In the Fig.26F, the ratio is 0.5, so 

the probability of the dimer origin is 50%. In the later steps of data analysis, the threshold of 

0.5 was introduced to filter out rather intra- and rather inter-cross-links: if the ratio is below 0.5, 

a cross-link is assigned to a monomer; if the ratio is above or equal 0.5, a cross-link is assigned 

to a dimer. In the 14N-WT + 15N-WT, 14N-SBD-mutant + 15N-SBD-mutant and 14N-linker-

mutant + 15N-linker-mutant experiments, only XL-peptides with all possible forms detected 
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(LL, LH, HL, HH) were taken for further manual validation. However, in the mixed 

experiments (WT + SBD-mutant etc.), both hits with all 4 forms detected and the hits with 3 

forms detected were used for the analysis. The reason for it lies in the fact that in the mixed 

experiments, non-symmetrical dimer configurations were considered. For instance, if the 

“substrate-like fashion” dimer model is considered, it becomes clear that certain cross-links 

cannot occur in both directions. 

During the manual validation of cross-links, types 3, 4, 5 and 6 (i.e., with the inter/intra ratio 

above 0) were selected across all the obtained datasets. The validated cross-links were then 

compared between the replicates to verify the reproducibility of the experiments (Fig.27A). It 

can be seen on the Venn diagrams that a significant amount of the chosen XL-sites is 

overlapping between the replicates, which indicates the good reproducibility. In the case of the 

mixed experiments, the cross-links identified in all 3 replicates were compared between the 

direct and reverse labeling experiments (Fig.27B) - only those detected in 6 replicates for a 

given sample were further analyzed. Interestingly, much lesser amount of cross-links with 4 

forms detected was observed in the case of  14N-WT + 15N-WT and 14N-SBD-mutant + 15N-

SBD-mutant samples (16 and 15, respectively); the highest amount of hits was observed for the 

experiments containing linker-mutant. This is also in consent with the total amount of identified 

XL-sequences in all samples (Tab.6). The list of the manually validated cross-links is attached 

to Appendix 4. 

The cross-links identified in all the replicates for the corresponding experiments were then 

mapped onto the HSC70 sequences (Fig.28). In the non-mixed samples (14N-WT + 15N-WT, 

14N-SBD-mutant + 15N-SBD-mutant, 14N-linker-mutant + 15N-linker-mutant), the symmetry of 

the mapped cross-links indicates the symmetrical homooligomeric HSC70 dimer; however, the 

number of the identified XL-sites is significantly higher in the 14N-linker-mutant + 15N-linker-

mutant experiment. In the mixed WT + SBD-mutant sample, the cross-link distribution isn’t 

completely symmetrical; these oriented XL-sites are in agreement with the presumption that 

non-symmetrical dimer species might be present in the mixed experiments. It’s less visible in 

the WT + linker-mutant and SBD-mutant + linker-mutant experiments, since the cross-ink maps 

are extremely overcrowded with many XL-bonds. 

Despite the evident differences in the number of identified XL-sites among the different 

samples, in all cases it’s still complicated to derive an unambiguous subunit orientation in the 

putative HSC70 dimer. Therefore, the XL-sites inter/intra ratio values were plotted in a form  

 

 



81 

Fig.27. Venn diagrams representing the reproducibility of the XL-MS experiments across the replicates. A. The 

Venn diagrams showing the reproducibility of the individual experiments across the triplicates. B. The replicability 

of the mixed experiments with direct and reverse isotope labeling. In these diagrams, only the XL-sites identified 

in all 3 replicates of  corresponding experiments were compared. 

 

of histogram (Fig.29). The histogram plots allow us to see the inter/intra ratio distribution in 

the analyzed XL-MS datasets. According to the cross-link types described above, the 

intermediate types (Fig.26E,F) can be encountered as well - as can be seen in Fig.29, they 

represent the majority in some samples. In order to distinguish the “rather inter '' and “rather 

intra'' cross-links, the ratio threshold 0.5 was applied. In the first 3 cases (i.e., 14N-WT + 15N-

WT, 14N-SBD-mutant + 15N-SBD-mutant, WT + SBD), the noticeable difference in the ratio 

distribution is seen: the certain XL-sites possess the ratio value well above 0.5 (i.e., 0.8-1.2) 

and the rest have these values below the 0.5 threshold. However, it isn’t the case for the linker-

mutant experiments (Fig.29D,E,F) - the vast majority of the XL-sites are of the ratio below 0.5, 

which suggests their rather monomeric, or intra-protein origin.  
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Fig.28. Mapping of the identified XL-sites onto the HSC70 sequences. 
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Fig.29. The histogram plots representing the inter/intra ratio distribution across the XL-MS datasets. 
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Homology modeling of HSC70 in ADP-state 

 

The output of the pairwise sequence alignment of the target human HSC70 WT and the bacterial 

DnaK is depicted in Fig.30. Even though the C-terminus of the DnaK template hasn’t been 

included to the structural NMR model due to its disordered nature, the main domains and the 

linker were successfully aligned to the target HSC70 sequence. The alignment was performed 

with 45.6 % sequence identity and 59.6 % sequence similarity, which clearly indicates the 

homology of the aligned proteins. Therefore, E.coli DnaK was considered as an appropriate 

template for the HSC70 homology modeling.  

The obtained HSC70 homology models and their superposition with template DnaK is shown 

in Fig.31. According to the RMSD superposition values, the best model is model 9 (0.789 Å). 

This model was thus used for the XL-mapping and docking.  

 

 

 

 

 

Fig.30. The pairwise sequence alignment of human HSC70 and E.coli DnaK. Vertical lines - conserved/identical 

residue, single dot - semi-conservative substitution, double dot - conservative substitution, dashed line - gaps. 
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Fig.31. The homology models of human HSC70 in the ADP-bound conformation superimposed onto the E.coli 

DnaK template structure (red).  

 

 

Docking of the HSC70 WT dimer 

 

After the visual inspection and mapping of the identified cross-links from the 14N/15N-HSC70 

WT experiment, only those with the inter/intra ratio value above 0.5 were used for the docking 

(Fig.29A). Nevertheless, because we applied the aforementioned approach for flexible 

multidomain proteins (see “Docking and validation of the HSC70 WT dimer model” section), 

it was necessary to establish a mutual position of the separated HSC70 domains. To imitate the 

distance constraints imposed by the linker in the native protein, an identified intra-cross-link 

was introduced for the docking – namely, the one connecting the N-terminal methionine amino-

group (located on NBD) with the lysine 512 side chain amino-group (located on SBD). This 

cross-link was defined therefore only between the domains originating  

from the same monomer (i.e., between “Chain A” and “Chain B” and between “Chain C” and 

"Chain D”). After generating the distance restraints TBL file with XMAS ChimeraX package, 

it was manually edited in Windows Notepad and adjusted to the separated domain docking. It 

was necessary to perform since the input names for HADDOCK didn’t match the actual object 

names. For example, 1 identified cross-link, K345K557, connects the NBD and SBD coming 

from 2 subunits; so, in this case, it was defined that this cross-link occurred between Chain A 
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(1st NBD) and Chain D (2nd SBD) and between Chain B (2nd NBD) and Chain C (1st SBD). In 

this manner, all cross-links were defined manually. After using the initial distance restraints file 

containing the cross-links with the ratio value above 0.5, the docking output wasn’t satisfactory. 

It happened apparently due to the cross-link conflict: the chosen set of dimer cross-links cannot 

be accommodated on the one dimer model, which represents a major problem in a cross-link-

guided docking. Therefore, it was decided to modify the initial set of cross-links and discard 

some of them – namely, K159K345 (also due to its relatively low average ratio, 0.52), and 

K108K567. The final set of cross-links used as the distance restraints used for HSC70 WT 

docking is enlisted in Tab.7.  

HADDOCK created 5 structure clusters, each containing 2 best structures (10 in total). The 

output scores are depicted in Tab.8. In cluster 3, 4 and 5, the best HADDOCK score and Z-

score values were achieved; in addition, the restraints violation energy is close to 0, meaning 

that the input cross-linking distance restraints were satisfied at the highest extent. Nonetheless, 

after closer visual inspection of all the created dimer models in PyMOL, the cluster 1 was 

chosen as the most plausible in terms of the mutual domain positions. 

 

 

 

Tab. 7. The final set of the identified inter-cross-links used for the docking as distance restraints.  

Cross-link site Inter/intra ratio 

K345K557 0.935 ± 0.036 

K250K583 0.788 ± 0.155 

K328K557 0.941 ± 0.062 

K137K187/188 0.736 ± 0.077 

K126K361 0.960 ± 0.089 

0_K512 0 (the linker mimicker) 
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Tab. 8. The HADDOCK output scores for the created HSC70 WT dimer models. 

 

Cluster number 1 2 3 4 5 

HADDOCK 

score 
-201.8 ± 44.9 -187.2 ± 24.9 -212.9 ±12.3 -203.6 ± 1.0 -244.5 ± 5.0 

RMSD from  

the overall 

lowest-energy 

structure 

39.8 ± 0.2 35.7 ± 0.3 26.0 ± 0.1 30.7 ± 0.1 28.7 ± 0.0 

Van der Waals 

energy 
-95.5 ± 14.2 -103.7 ± 19.2 -83.6 ± 11.5 -89.5 ± 4.6 -106.2 ± 13.5 

Electrostatic 

energy 
-813.7 ± 125.3 -829.0 ± 143.0 -899.6 ± 24.2 -872.3 ± 48.6 -1036.7 ± 66.3 

Desolvation 

energy 
44.0 ± 5.0 61.5 ± 2.1 50.6 ± 4.0 60.2 ± 4.1 69.1 ± 5.3 

Restraints 

violation energy 
12.4 ± 17.3 20.8 ± 20.8 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0 

Buried Surface 

Area, Å2 
4922.7 ± 796.1 5162.9 ± 962.4 5631.9 ± 689.6 5219.2 ± 38.7 6105.4 ± 325.3 

Z-score 0.4 1.2 -0.2 0.3 -1.8 

 

 

The input cross-links were mapped onto the cluster 1 model and the distances between the Cα 

atoms corresponding to the detected XL-sites were measured to find out whether the distance 

restraints were violated in the model or not (Fig.32). As can be seen, not all the distance 

restraints fulfill the 30 Å threshold; however, the mutual orientation of NBD and SBD coming 

from the 1 monomer is satisfactory, since the linker can be easily accommodated between them. 

The introduced intra-protein XL discussed above (0_K512) was used only to maintain this 

mutual domain orientation, and even though the distance restraint isn’t fulfilled in this case, the 

length of the flexible interdomain linker fits in the given domain distance (the linker length is 

approximately 58 Å in the extended conformation). The cluster 1 model exhibits the 

perpendicular orientation of the HSC70 subunits with the several interfaces: 1) between the 

NBD1 and NBD2; 2) two interfaces between the given SBD and NBDs. In the latter case, an 

SBD is docked onto the surface of the cleft emerging from the NBD-NBD interface.  
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Fig.32. The HSC70 WT dimer model created by HADDOCK 2.4 (cluster 1, model 1) and the measured Cα-Cα 

distance restraints (inter-XL – red, intra-XL – green). The domains originating from the same subunit are colored 

similarly (orange and blue, respectively). The mutual subunit position is perpendicular, with the interfaces between 

the NBDs and between the SBD and NBDs, where the corresponding SBD is accommodated in the cleft between 

the NBDs.  

 

 

Discussion 

 

During this project, several important goals have been achieved: expression and purification of 

the recombinant and isotopically labeled HSC70 on the minimal medium; tackling the ATP-

dependent dimerization of HSC70 by mass photometry in time; performing the XL-MS 

experiments and the analysis of the acquired data; building the homology model of the ADP-

bound HSC70 conformation; applying the distance restraints obtained from the XL-MS 

experiments to build a putative HSC70 dimer model by docking. At each step of this work, a 

lot of optimization was done and a number of important discoveries regarding the experiment 

conduction were made.  

One important finding was that one of the storage buffer components, glycerol, negatively 

affects the cross-linking reactions involving NHS esters (e.g., DSS). Before optimization, the 

proteins were directly incubated and cross-linked in the storage buffer, which contains 10% 

glycerol (i.e., HKMG150 buffer). It led to the different number of identified XL-sites and non-
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reproducibility of the replicates. It was speculated that the reason for this is the side reactivity 

of NHS esters with hydroxyl groups - the added cross-linker simply reacts with the more 

abundant glycerol and depletes, before reacting with the target proteins. It leads to t lower 

amounts of detected cross-linked peptides in mass spectra. It is shown for the initial HSC70 

14N-WT + 15N-WT XL-MS experiment (Fig.33). On the plot it’s clearly visible that the presence 

of glycerol reduces the amount of detected XL-sites 2-3 fold. This discovery helped us to 

optimize the sample processing prior to the XL-reaction - namely, the addition of the buffer 

exchange step and removal of glycerol from the incubation buffer.  

Then, it was definitely concluded that the presence of the reducing agent throughout the protein 

purification and the sample preparation is necessary. The artificial disulfide dimers can emerge 

during the purification process due to cysteine thiol group oxidation. TCEP, which was utilized 

in this work, has a several advantages over the standard reducing agents, 𝛽-mercaptoethanol or 

dithiothreitol: it doesn’t contain thiol groups, which allows to avoid unwanted side reactions 

and conjugations with thiol side chains; it is irreversible and more effective than DTT or 𝛽-

mercaptoethanol; it is very selective and reduces only cysteine thiol side groups (Getz et al. 

1999). It suggests that TCEP is the perfect choice as a reducing agent, especially for the mass 

spectrometry samples. However, it was empirically discovered that TCEP severely deteriorates 

the quality of mass photometry measurements, namely increasing background noise levels. 

Thus, prior to mass photometry measurements, the sample storage buffer containing TCEP was 

exchanged, which allowed to successfully conduct the mass photometry experiments. 

 

 

Fig.33. The negative effect of glycerol on the NHS-cross-linking reaction. Blue - replicates containing 10%  

glycerol, orange - the same replicates without glycerol. 

https://www.zotero.org/google-docs/?iZILY3
https://www.zotero.org/google-docs/?iZILY3
https://www.zotero.org/google-docs/?iZILY3
https://www.zotero.org/google-docs/?iZILY3
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The mass photometry results have clearly shown the differences in dimerization capabilities of 

the HSC70 mutants and WT, as well as unsimilar patterns of the dimer association and 

dissociation in time (Fig.23). For the mixture containing only HSC70 WT, the observations 

perfectly fit the previous findings about the effect of ATP on Hsp70 homologs, which were 

described in the theoretical part of this work. Specifically, the ATP binding causes the 

conformational changes of HSC70, which ultimately leads to the dimer dissociation; however, 

as an ATP pool is running out due to the intrinsic HSC70 ATPase activity, the conformational 

equilibrium shifts towards the ADP-bound form and the dimer reassembles back. However, 

neither SBD-mutant, nor linker-mutant aren’t responsive to the ATP addition - certain 

fluctuations in dimer/monomer ratio can be seen, but not the certain pattern shared by HSC70 

WT. Therefore, the mutations in SBD and the linker disrupt the characteristic allosteric cycle 

of HSC70, which normally allows the reversible and ATP-dependent conformational changes. 

At the same time, these perturbations in the allosteric cycle negatively affect the dimerization 

abilities, which explains the lower initial dimer level at 0 min time point. In the case of the 

mixed experiments at 0 min time point, the simple explanation for the acquired mass 

photometry data lies within the fact that the majority of protein molecules in solution resides in 

the ADP-bound conformation within the preformed dimer population. In this situation, when 

no conformational changes occur, the different protein molecules won’t begin to interact with 

each other to form a “heterodimer”. For instance, the WT:linker-mutant solution contains the 

population of WT dimer and the separate population of linker-mutant dimer, but almost no 

WT+linker-mutant heterodimer. Nevertheless, in the equimolar mixture of WT and SBD-

mutant, it can be concluded that the heterodimer can still be formed at the level comparable to 

the WT alone sample. The same can’t be described for the WT+linker-mutant and SBD-

mutant+linker mutant experiments, where the dimer/monomer ratio at the final time point is 2-

3x lower than in the case of WT alone or WT+SBD-mutant samples. Therefore, WT is still able 

to interact with the SBD-mutant at the same extent, but not with the linker-mutant. Neither 

SBD-mutant can’t interact with linker-mutant so extensively. It was suggested that polar 

residues introduced to the linker may reside at the subunit interface in HSC70 dimer and 

negatively affect the native non-covalent interactions.  

In order to confirm the hypotheses derived from the mass photometry data, numerous XL-MS 

experiments were performed. During the analysis of the cross-linked species by SDS-PAGE, 

the multiple intermediate bands between the monomeric and the dimeric bands were detected 

(Fig.24). These intermediate species are considered to be intra-XL HSC70 molecules, whose 

conformations in the cross-linked state provide a diminished electrophoretic mobility (e.g., less 
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compact). Then, after the XL-MS data acquisition and processing, the similarly uneven 

sequence coverage was detected by LinX (Fig.25). Such irregularity in sequence coverage can 

be attributed to sterical hindrance for the trypsin and LysC binding in these less covered regions 

within the cross-linked HSC70 molecules. To make a definitive conclusion, the control sample 

of the non-cross-linked and digested HSC70 has to be measured by LC-MS; unfortunately, it 

wasn’t done. However, the complete HSC70 sequence is covered in each replicate.  

In the XL-MS datasets, it was observed that in the certain experiments (i.e.,14N-WT + 15N-WT, 

WT+SBD-mutant, 14N-SBD-mutant + 15N-SBD-mutant), the intra/inter ratio distribution across 

the datasets aren’t uniform and it’s easy to notice the apparent discrete distribution of intra- and 

intermolecular restraints (Fig.29A,B,C). Therefore, it was decided to apply a 0.5 ratio 

threshold, to attempt to categorize the XL-sites according to their ratio value. As was noticed 

earlier, for the 14N-WT + 15N-WT, WT+SBD-mutant, 14N-SBD-mutant + 15N-SBD-mutant 

mixtures, some XL-sites have the ratio value above 0.5 (from 0.8 to 1.2) and some have it below 

0.5 (0.0-0.4). This categorization was made based on the fact that multiple dimer species can 

be present in the solution at the same time. It is possible that these 2 categories of XL-sites 

(above 0.5 ratio - “rather inter/dimer”, and below 0.5 - “rather intra/monomeric”) can be 

assigned to 2 different populations of dimer (e.g., the one more abundant and stable, and the 

one less abundant and stable). Then, for the discussed experiments, the categorized XL-sites 

were mapped onto the HSC70 sequences and ADP-bound HSC70 structural model created by 

homology modeling (Fig.34). In the 14N-WT + 15N-WT and  14N-SBD-mutant + 15N-SBD-

mutant samples, the same outcome was obtained: if the XL-sites with the ratio above 0.5 are 

mapped onto the structures, the mutual orientation of the subunits is antiparallel; for the mapped 

XL-sites with the ratio below 0.5, it’s parallel. Therefore, it can be concluded that HSC70 WT 

can adopt the same dimer configuration as SBD-mutant; in addition, the antiparallel model 

reported by Morgner et al. was confirmed. In the WT+SBD-mutant sample, in the above 0.5 

category, some oriented XL-sites appear, indicating the dimer configuration is non-

symmetrical. The mapping on the HSC70 and SBD-mutant model provided an orientation close 

to a “substrate-like” fashion dimer model, suggested earlier by Chang et al. and C.-C. Wu et 

al.; the mapping of below 0.5 XL-sites provided a parallel model, as in the previous cases. For 

the linker-mutant samples, we have detected a large number of XL-sites, where the majority 

has a ratio value below 0.5. Therefore, the 0.5 threshold isn’t applicable in these experiments, 

and perhaps other categorization should be taken into consideration. 

https://www.zotero.org/google-docs/?EldWAg
https://www.zotero.org/google-docs/?sGvnP4
https://www.zotero.org/google-docs/?sGvnP4
https://www.zotero.org/google-docs/?7VCdvk
https://www.zotero.org/google-docs/?7VCdvk
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Fig.34. The mapping of the separated groups of XL-sites (above and below 0.5 inter/intra ratio). A,B. 14N-WT + 

15N-WT; C,D. 14N-SBD-mutant + 15N-SBD-mutant; E,F. WT+SBD-mutant. 

  

These “parallel dimer” models are hypothetical and are based on the mapping of “rather intra” 

XL-sites onto the HSC70 molecules, so it’s possible that it represents only a minor fraction of 

an HSC70 dimer population. It is worth to note that a lesser amount of the high-inter/intra ratio 

cross-link found in these experiments advocates for the existence of a stable dimer in the case 

of WT and SBD-mutant. On the other hand, in the linker-mutant experiments, the large number 

of the low-ratio XL-sites may be an evidence of many weak and transient interactions occurring 

between the linker-mutant, WT and SBD-mutant molecules. Nevertheless, further investigation 
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and the complementary data are required (e.g., native ion mobility MS, NMR, cryoEM) to come 

to the definitive conclusion. 

The XL-sites identified in 14N-WT + 15N-WT were used for the HSC70 WT dimer docking; 

only the XL-sites with the ratio above 0.5 were taken (Fig.34A). The initial approach for the 

docking included 2 HSC70 WT monomers, defining the linker region as fully flexible. 

Unfortunately, all the attempts utilizing this approach were failed, since the HADDOCK script 

kept the linker rigid and treated an HSC70 monomer as a rigid body. The initial model didn’t 

satisfy the XL-distance restraints at all (Fig.35). Even though the mutual antiparallel position 

of the subunits was maintained, the huge violation of the distance restraints led us to the 

approach for docking of flexible multidomain protein described above. In addition, several 

changes in the used distance restraints were made. Arbitrarily, a couple of XL-sites with higher 

distance restraint violation were removed (namely, K159K345, K345K159, K108K567), also 

due to their lower intensity in the mass spectra. In addition, the intra XL-site (connecting N-

terminus and K512) was added to keep the relative position of the separated domains. All these 

adjustments allowed to successfully utilize the aforementioned docking approach and build a 

dimer model with partially fulfilled distance restraints (Fig.32.). Again, complementary 

structural data are necessary to make a certain conclusion about the HSC70 dimer structure and 

configuration. However, the created model is a starting point for further refinement and 

adjustments. The upcoming native ion mobility MS measurements will allow to define an ion 

mobility profile and the collision cross-section of the HSC70 dimer. It will also indicate the 

possible presence of the multiple HSC70 dimer species in the solution. 

Fig.35. The initial HSC70 WT dimer model created by docking. None of the used distance restraints derived from 

the XL-MS data wasn’t fulfilled. The red XL-sites were removed in the final distance restraint file. 
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Conclusion 

 

 

1. I successfully overexpressed and purified the recombinant human HSC70 WT, SBD-

mutant and linker-mutant in E.coli on the minimal medium, both in the 14N- and 15N-

forms;  

 

2. I tackled the kinetics of ATP-dependent dimerization for HSC70 WT and mutants by 

mass photometry in time and optimized the conditions for the cross-linking reaction; 

 

3. I cross-linked, processed and analyzed the HSC70 samples by LC-MS; in addition, I 

managed to analyze and classify the acquired LC-MS data and visualize it on the HSC70 

model and sequence. 

 

4. I created a homology model of ADP-bound HSC70; 

 

5. I used the distance restraints obtained from the XL-MS experiments to create the HSC70 

WT homodimer model by molecular docking. 
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Appendix 1. The sequences of the studied proteins. A. HSC70 WT. B. HSC70 SBD-mutant (V438F); C. HSC70 

linker-mutant (L392E, L394E).  
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Appendix 2. The SEC chromatograms and SDS-PAGE gels of the collected fractions. A. 14N-SBD-mutant; B.  

15N-SBD-mutant; C. 14N-linker-mutant; D. 15N-linker-mutant. 
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Appendix 3. Mass photometry measurements in time after the addition of ATP. A. SBD-mutant only; B. linker-

mutant only; C. equimolar WT + SBD-mutant; D. equimolar WT + linker-mutant; E. equimolar SBD-mutant + 

linker-mutant. 

 

 

 

 

 

 

 

 

 


