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Abstract 

J domain proteins (JDPs) are crucial molecules in the context of the cellular chaperones  system. Different JDPs present different 
cellular activities. In particular, despite their structural similarities, while class A JDPs target misfolded monomeric proteins and 
small aggregates, class B JPDs mostly interact with larger aggregates, including amyloid fibrils, and, in  particular, the class B JDP 
DNAJB1 presents the unique feature of participating in the amyloid fibrils disaggregation mediated by the HSP70 chaperone 
machinery. DNAJB1 presents a N-terminal J-domain (JD) which is followed by the GF-rich region, two C-terminal client binding 
domains (CTDI and CTDII) and a dimerization domain (DD): therefore, the protein forms functional  homodimers. Since client 
binding motifs or patterns have not been identified yet for the human JDPs, we aimed to investigate the substrate binding 
specificity of DNAJB1 through the screening of peptide libraries (α-synuclein, p53 and luciferase). We screened the libraries with 
both the full-length protein and smaller constructs carrying its different subdomains (JD-GF, CTDI-CTDII-DD, CTDI-CTDII, His-SUMO-
CTDI, His-SUMO-CTDII). Our aim was to identify binding motifs and patterns on DNAJB1 clients, confirming the important role of 
the C-terminal domains in the substrate binding. These data will be compared with human class A JDPs peptide library screening to 
identify possible differences in the interactions with clients. We designed, cloned, expressed and purified the above listed 
constructs and analyzed their oligomeric state and ability to perform α-synuclein amyloid fibrils disaggregation. We tested anti-
DNAJB1 and anti-CTDI-CTDII antibodies recognition of the constructs through Western blots and performed the peptide libraries 
screening. We have been able to clone and purify the full-length protein, JD-GF, CTDI-CTDII-DD, CTDI-CTDII, His-SUMO-CTDI, His-
SUMO-CTDII. We determined the oligomeric state of the constructs, obtaining monomeric JD-GF and CTDI-CTDII and oligomeric 
CTDI-CTDII-DD and full-length DNAJB1 and we demonstrated that an efficient fibrils disaggregation is obtained only in the presence 
of the full-length protein. We obtained an efficient antibodies mediated recognition for all the constructs and, thus, we could 
proceed with the peptide libraries screening. We identified a preference to bind peptides enriched in acidic and aromatic residues 
for the full-length protein and the constructs carrying the substrate binding domains CTDI and CTDII. JD-GF did have different 
binding specificities preferring hydrophobic residues-enriched peptides, being in line with the different interactions these 
subdomains have been reported to have . We confirmed the DNAJB1 binding site on α-synuclein C-terminus which was already 
identified by NMR. Overall, these data illustrate a binding specificity for DNAJB1 which is slightly different from the one of the 
bacterial class A DNAJ, opening new questions about the different specificities JDPs may have. 
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1. Introduction 
1.1. The HSP70 chaperone machinery 

The HSP70 chaperone machinery represents one of the most effective tools in the cellular protein quality 
control network with activities ranging from protein folding and assembly of newly synthetized 
polypeptides to prevention of protein aggregation, aggregates solubilization and refolding as well as 
protein degradation (Mayer and Bukau, 2005; Meimaridou et al., 2019; Wentink et al., 2019).  

Central to this chaperone machine is the 70-kDa heat shock protein HSP70 (Rosenzweig et al., 2019). It 
presents a  44 kDa nucleotide binding domain (NBD), through which HSP70 binds and hydrolyzes ATP 
(Flaherty et al., 1990). The NBD is connected by a flexible and hydrophobic linker to a  27 kDa substrate 
binding domain (SBD), which is responsible for the interaction with substrates. The SBD is further 
subdivided in a two layer β-sandwich subdomain (βSBD) and an α-helical lid (αSBD) (Zhu et al., 1996) 
(Figure 1-A). HSP70 is able to cycle between an ATP bound, open conformation, where the helical lid docks 
onto the NBD, which presents high rates of substrate association and dissociation (meaning that the affinity 
for the substrate is low) and a closed, ADP-bound, conformation with the helical lid docked over the βSBD 
binding pocked, where the affinity for the trapped substrate is higher (Mayer et al., 2000) (Figure 1-B). 

 J-domain proteins (JDPs), also known as HSP40 interact with HSP70 (Sugito et al., 1995) and are required 
for an efficient functioning of the HSP70 chaperone machinery. They stimulate HSP70 ATPase activity 
(Minami et al., 1996) through the induction of conformational changes (Wu et al., 2020, Tomiczek et al., 
2020) upon interaction with the HSP70 flexible linker between NBD and SBD (Kityk et al., 2018).  Both 
HSP70 and JDPs are responsible for the conformational changes occurring in the substrate molecule 
(Rodriguez et al., 2008).   

 

Figure 1: The HSP70 chaperone machinery. A) HSP70 (cyan) presents an NBD, essential for the ATP hydrolysis, and two subdomains 
αSBD and βSBD, which are responsible for the substrate binding B) The HSP70 chaperone (cyan) cycles between an ATP-bound 
open conformation with low substrate affinity and an ADP-bound close conformation with high affinity for substrates. JDPs (red) 
promote ATP hydrolysis while NEFs (violet) allow a fast ADP-ATP exchange. Substrates are shown in green. C) Class A and B JDPs  (in 
red) are structurally similar: the N-terminal J-domain (JD) is followed by a GF-rich region,  two substrate binding domains (CTDI and 
CTDII) and a dimerization domain. Class A CTDI protrudes in a Zinc finger domain (ZFD). Adapted from Wentink et al., 2019.  
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HSP110 proteins are nucleotide exchange factors (NEFs) which promote substrates release and HSP70 
recycling,  through an efficient ATP-ADP exchange (Rampelt et al., 2012; Mogk et al., 2018).   

HSP70 identifies and bind sequence motifs of circa five amino acids enriched in hydrophobic residues 
flanked by positively charged residues. These sequences occur circa every 30-40 amino acids in proteins but 
are generally hidden in the proteins hydrophobic core: their exposure in unfolded or misfolded 
polypeptides allows HSP70 binding to a large range of different substrates (Rüdiger et al, 1997). JDPs 
recognize and bind substrates themselves, but interact with different binding sites when compared to 
HSP70 (Rüdiger et al, 2001). JDPs-substrates binding events precede or coincides with the substrate 
interaction with HSP70, thus JDPs work as substrate-targeting factors for HSP70 (Kampinga and Craig, 
2010).  

1.2. The J-domain protein families 

J-domain proteins (JDPs) are chaperones (Kampinga and Craig, 2010) characterized by the conserved 
presence of a J domain, a helical domain of 70-75 residues, which is essential for the stimulation of HSP70 
ATPase activity (Karzai and McMacken, 1996; Kityk et al., 2018). It presents a conserved HPD motif, 
essential for the domain function (Greene et al., 1998).  

Three different classes of JDPs have been identified (Kelley, 1998; Qiu et al., 2006; Kampinga and Craig, 
2010; Kampinga et al., 2018; Ayala Mariscal and Kirstein, 2021). Class A JDPs share the structural features of 
the bacterial DNAJ, presenting an N-terminal α-helical J domain (JD), followed by a structurally disordered 
Glycine/Phenylalanine (GF)- rich region, two C-terminal β-barrel domains (CTDI and CTDII), presenting each 
a client binding domain, and a C-terminal dimerization domain (DD). Class A JDPs present a Zinc finger-like 
region (ZFD) protruding from CTDI (Cheetham and Caplan, 1998; Li et al., 2003)(Figure 1-C). Class B JDPs 
share a similar domains architecture, but missing the Zinc finger domain (Borges et al., 2005; Hu et al, 2008) 
(Figure 1-C). Class C JDPs members present a J-domain within their structure, which can be placed 
anywhere in the protein and is accompanied by other different domains and functional motifs (Kampinga et 
al., 2018).   

Class C JDPs are typically specific for a smaller set of substrates, while class A and B members interact with 
both unfolded, misfolded and aggregated proteins (Kampinga and Craig, 2010). Despite the structural 
similarities between the members of the A and B classes, they have evolved different features to drive 
specific functionalities in the context of the HSP70 chaperone machinery (Yu et al, 2015). While class A JDPs 
target small oligomeric species or monomeric misfolded proteins, being involved mainly in prevention of 
protein aggregation or refolding (Mattoo et al., 2013; Nillegoda et al., 2015; Nillegoda and Bukau, 2015; 
Irwin et al., 2022), class B JDPs interact primarily with larger oligomeric species, including also amyloid 
fibrils, and are involved in prevention of aggregates growth and in aggregates disaggregation (Nillegoda et 
al., 2015; Irwin et al., 2022). In fact, uniquely class B JDPs have been shown to play a role in the 
disaggregation of amyloid fibrils (Wentink et al., 2020; Faust et al., 2020).   
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1.3. DNAJB1 

DNAJB1 is a  38 kDa human class B JDP which presents the 
structural features previously described for this class of 
proteins (Figure 2) (Hu et al., 2008).  

This protein is able to form heterodimers with the class A JDP 
DNAJA2 acting on disordered aggregates (Nillegoda et al., 
2018).  Moreover, it has been demonstrated that DNAJB1 
homodimers participate in amyloid fibrils disaggregation of α-
synuclein (Duennwald et al., 2012; Gao et al. 2015;  Wentink 
et al, 2020; Franco et al., 2021; Schneider et al., 2021; Beton 
et al., 2022), tau (Nachman et al., 2020), and Htt (Scior et al., 
2018), concomitantly with the human constitutive HSP70 
(HSC70) and the HSP110 NEF APG2 (Rampelt et al., 2012; 
Tittelmeier et al., 2020). In this context, DNAJB1 is able to 
recognize and bind amyloid fibrils, specifically targeting 
HSP70 to them (Pemberton et al., 2011; Wentink et al., 2020).  

DNAJB1 presents a unique regulatory mechanism which has 
been demonstrated to be essential for amyloid fibrils 
disaggregation: a recently identified structural feature in the 
GF-rich region (helix V) docks onto the HSP70 binding site on 
DNAJB1 J domain, preventing DNAJB1 interaction with HSP70. 
An additional interaction between DNAJB1 CTDI and the C-

terminal disordered region of HSP70 (EEVD peptide) is able to trigger conformational changes which 
release the helix V mediated J-domain inhibition. It has been demonstrated that this mechanism is strictly 
required for efficient fibril disaggregation: the proper clustering of HSP70 on the amyloid fibrils is essential 
to achieve the entropic pulling forces required to disassemble fibrils and depends on the presence of the 
helix V-mediated autoinhibition release mediated by EEVD-CTDI interactions (Faust et al., 2020).  

DNAJB1 constitutively forms homodimers through the C-terminal dimerization domain (Figure 2-B).  Dimers 
formation is crucial for DNAJB1 activity: within a dimer the number of substrates binding sites is doubled, 
compared to the monomeric species, and these multiple weak affinity binding events are crucial to overall 
stabilize the interaction with the substrates through the phenomenon of avidity. Thus, the presence of 
multiple aggregation prone motifs results in a higher chaperone affinity which may play a role in 
chaperone-substrate specificity (Wentink et al., 2020).  

 

1.4.  Aims and strategy 

JDPs play an important role as targeting factors for HSP70. Therefore, the binding specificity of JDPs is a key 
player in the functioning of the whole HSP70 chaperone machinery. JDPs present at least four client binding 
sites in a dimer (one in each CTD domain) and it has been speculated that an additional binding region 
could be present in the GF-rich region of each monomer (Perales-Calvo et al., 2010; Kampinga et al., 2018).  
It has been demonstrated that multiple weak interaction in JDPs dimers stabilize the interaction with 
substrates by means of avidity (Wentink et al., 2020), but how the clients are selected and engaged remains 

Figure 2: DNAJB1. A) DNAJB1 presents an N-terminal JD (light 
blue), interacting with HSP70 and stimulating its ATP 
hydrolysis, followed by the GF-rich region (pink), containing 
the helix V. CTDI (violet) and CTDII (green) contain each a 
substrate binding domain and DD (yellow)  is required for 
dimerization. Made with Biorender.com. B) Structure of 
DNAJB1 homodimer: DNAJB1 forms homodimers due to the 
presence of the dimerization domain. The CTDs are 
structurally similar and β-barrel structured, the GF-rich region 
is mainly, but not completely, disordered, while the JD is 
mainly helical. Adapted from Wentink et al., 2020.  
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still an open question: substrate binding motifs or patterns have 
not been identified yet for the human JDPs. Furthermore, it has 
been speculated that the two CTDs have different binding 
specificities (Jiang et al., 2019). Moreover, the differences arisen 
between class A and B JDPs in their substrate binding specificity, 
despite the many structural features the two classes share, are still 
puzzling (Faust et al., 2020).  

Therefore, analyzing JDPs substrates binding is meaningful. In 
particular, in this work, we analyzed the substrate binding 
specificity of DNAJB1 through screening of multiple peptides 
libraries. Peptide libraries are made of cellulose-bound, 13 
residues-long peptides and represent a meaningful, easy-to-handle 
and quite high throughput tool to screen multiple peptides 
together for their binding to the chaperone (Rüdiger et al., 1997; 
Rüdiger et al., 2001).We screened three different peptide libraries: 
α-synuclein, p53 and luciferase (Supplementary information).  

To efficiently describe the substrate binding properties of DNAJB1 
we performed the libraries screening testing both the full-length 
DNAJB1 (FL DNAJB1) and several smaller constructs, carrying 
different subdomains (Table 3, Figure 3): apart from the full-length 
protein,  we investigated the binding properties of the J-domain and 

GF-rich region (JD-GF), of the C-terminal domains with (CTDI-CTDII-DD) and without (CTDI-CTDII) the 
presence of the dimerization domain, to test the effects of dimerization and increase of client binding sites 
on DNAJB1 interactions with clients. Our hypothesis is that the presence of four binding sites, by means of 
avidity, strongly stabilizes the interaction with substrates.  We also screened the single CTDI and CTDII 
domains (expressed with the tag His-SUMO).  

In this study we first aimed to design, clone and efficiently express and purify DNAJB1 full-length and the 
smaller constructs carrying its subdomains and characterize their activity and oligomerization state. In 
order to perform our peptide libraries screening, we performed Western blots to control the efficiency of 
the antibodies-mediated recognition of DNAJB1 full-length and of its subdomains . Those preliminary 
experiments allowed us to eventually perform our peptide libraries screening. Using these screening we 
aimed to uncover motifs or patterns in the substrate sequence which are recognized and bound by 
DNAJB1. Testing the different DNAJB1 subdomains in the peptide libraries screening, we aimed to confirm 
the already identified binding sites of DNAJB1 (on CTDI and CTDII) (Hu et al., 2008) and assess their 
specificity.  

Overall, in our work, we successfully cloned JD-GF, CTDI-CTDII-DD, CTDI-CTDII, CTDI and CTDII. We 
established efficient purification protocols for FL DNAJB1, JD-GF, CTDI-CTDII-DD, CTDI-CTDII, His-SUMO-
CTDI, His-SUMO-CTDII. We identified the oligomeric state of FL DNAJB1, CTDI-CTDII-DD, CTDI-CTDII and JD-
GF: the full-length protein and CTDI-CTDII-DD eluted as oligomers, while JD-GF and CTDI-CTDII as 
monomers. We tested those four proteins for their ability to disassemble amyloid fibrils, which were 
efficiently disaggregated only in the presence of the full-length protein.  Through our peptide libraries 
screening we identified a preference for binding hydrophobic peptides enriched in acidic and aromatic 
residues for the full-length DNAJB1. We confirmed the already identified (Wentink et al., 2020) DNAJB1 

Figure 3: DNAJB1 constructs used in the 
peptide libraries screening. Six proteins were 
tested: FL DNAJB1, JD-GF, CTDI-CTDII-DD, 
CTDI-CTDII, His-SUMO-CTDI, His-SUMO-CTDII. 
Made with Biorender.com 
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binding site on α-synuclein C-terminus.  Moreover, we confirmed the substrate binding by CTDI and CTDII: 
CTDI-CTDII and CTDI-CTDII-DD preferentially interacted with hydrophobic peptides enriched in negatively 
charged and aromatic residues, similarly to FL DNAJB1.   
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2. Materials and methods 
2.1. Constructs design 

Constructs carrying JD-GF, CTDI-CTDII-DD, CTDI-CTDII, CTDI, CTDII domains were designed according to 
recent findings in DNAJB1 structure  (Hu et al., 2008). The domains boundaries are shown in Table 2. The 
constructs boundaries and expected molecular weights (calculated in Expasy) are shown in Table 3.  

2.2.  Cloning 

JD-GF, CTDI-CTDII-DD, CTDI-CTDII, CTDI and CTDII constructs were cloned using standard pcr techniques 
(Optitaq polymerase, annealing temperature: 55°C, elongation temperature 68°C) followed by Gibson 
cloning (all reagents purchased from Invitrogen). The templates and primers used for the single constructs 
are shown in Table 1. All the cloning work was done using E.coli XL strains. Antibiotics (kanamycin) were 
purchased by Sigma-Aldricht and used with a final concentration of 50 μg/ml.  Sequencing was provided by 
EurofinGenomics. 

2.3. Protein overexpression and purification 

Human DNAJB1 FL, DNAJB1 JD-GF, DNAJB1 CTDI-CTDII-DD, DNAJB1 CTDI-CTDII, DNAJB1 CTDI, DNAJB1 CTDII 
and HSP70 were expressed as His6-Smt3 (His6-sumo) fusion proteins in E. coli Rosetta strains. Antibiotics 
were purchased by Sigma-Aldricht (kanamycin) and Carl Roth (chloramphenicol) used with a final 
concentration of 50 μg/ml.  Protein expression was induced at OD600 of 0.7 with 1 M IPTG (Carl Roth). 
Constructs carrying DNAJB1 FL, DNAJB1 CTDI-CTDII-DD, DNAJB1 CTDI-CTDII, DNAJB1 CTDI, DNAJB1 CTDII 
were overexpressed at 18°C overnight, while DNAJB1 JD-GF and HSP70 constructs were overexpressed at 
30°C for 5 hours. 

Proteins were purified by nickel affinity purification (Ni-IDA, Macherey-Nagel). Buffers for DNAJB1 and its 
constructs purification were prepared as follow: lysis buffer (HEPES-KOH pH 7.5 50 mM, KCl 500 mM, MgCl2 
5 mM, glycerol 5%, imidazole pH 8 10 mM, β-mercaptoethanol 3 mM,  1 mM PMSF, Aprotinin, Leupeptin, 
Pepstatin, DNAse), wash buffer (HEPES-KOH pH 7.5 50 mM, KCl 500 mM, MgCl2 5 mM, glycerol 5%, 
imidazole pH 8 10 mM, β-mercaptoethanol 3 mM), elution buffer (HEPES-KOH pH 7.5 50 mM, KCl 500 mM, 
MgCl2 5 mM, glycerol 5%, imidazole pH 8 260 mM, β-mercaptoethanol 3 mM). The tag was cleaved by Ulp1 
protease (4 mg/ml) and the excess of imidazole was removed by overnight dialysis (buffer: HEPES-KOH pH 
7.5 50 mM, KCl 500 mM, MgCl2 5 mM, glycerol 5%, β-mercaptoethanol 3 mM). HSP70 was purified with the 
same protocol but all the buffers had a KCl concentration of 150 mM.  The cleaved tag was removed by 
reverse nickel affinity purification for HSP70, FL DNAJB1, JD-GF, CTDI-CTDII-DD, CTDI-CTDII.  DNAJB1 FL and 
its constructs JD-GF, CTDI-CTDII-DD, CTDI-CTDII were further purified by SEC (Size exclusion 
chromatography: Superdex75, GE healthcare, buffer: HEPES-KOH pH 7.5 50 mM, KCl 500 mM, MgCl2 5 mM, 
glycerol 5%, β-mercaptoethanol 3 mM) (Figure 4).  The tag cleavage and the following steps were not 
performed in the case of His-SUMO-CTDI and His-SUMO-CTDII. 

Figure 4: FL DNAJB1, JD-GF, CTDI-CTDII-DD, 
CTDI-CTDII, HSP70 purification set up. His-
SUMO tagged proteins are purified with 
Nickel affinity purification. The tag is 
removed by Ulp1 cleavage and reverse 
nickel affinity purification. The samples are 
further purified by SEC. Made with 
Biorender.com.  
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2.4. Oligomeric state analyses 

The oligomeric state of FL DNAJB1, CTDI-CTDII-DD, CTDI-CTDII and JD-GF was assessed by SEC (GE 
healthcare) using both Superdex75 (GE healthcare) and Superdex 200 (GE healthcare) for FL DNAJB1 and 
Superdex 75 for JD-GF, CTDI-CTDII-DD, CTDI-CTDII, CTDI, CTDII (buffer : HEPES-KOH pH 7.5 50 mM, KCl 500 
mM, MgCl2 5 mM, glycerol 5%, β-mercaptoethanol 3 mM) .  Standard curves were run using Gel Filtration 
Standard purchased by Bio-Rad.  

2.5. Tht-based disaggregation assays 

α-synuclein amyloid fibrils disaggregation was quantified detecting changes in ThT (thioflavin T) 
fluorescence over 8 hours at 30°C by FLUOrstar Omega plate reader (BMG LABTECH, excitation: 440 nm, 
emission: 480 nm).  We incubated 2 μM of preformed WT α-synuclein fibrils with either 2 μM of DNAJB1 FL 
or its constructs JD-GF, CTDI-CTDII-DD, CTDI-CTDII, 4 μM of HSP70 (purified either by G. Scilironi or S. 
Jaeger) and 0.2 μM of APG2 (HSP110, purified by T.L. Dang), 2 mM ATP, 50 μM ThT in 50 mM HEPES-KOH 
pH 7.5, 50 mM KCl, 5 mM MgCl2, 2 mM DTT.  

2.6. Western blot 

Different amounts of DNAJB1 FL, CTDI-CTDII-DD, CTDI-CTDII, JD-GF, His-SUMO-CTDI, His-SUMO-CTDII  (20 
ng, 40 ng, 80 ng, 160 ng, 320 ng)  were run on 15% Express Plus PAGE in Tris-MOPS-SDS running buffer 
(GenScript). Proteins were transferred onto PVDF membranes (Thermofisher Scientific) by Trans-Blot Turbo 
RTA transfer kit (Bio-Rad). Proteins were immunoblotted with different anti-DNAJB1 polyclonal antibodies 
raised in rabbit: HSP40/Hdj1 polyclonal antibody (Enzo), HSP40 polyclonal antibody (Invitrogen), and anti 
our purified DNAJB1 CTDI-CTDII polyclonal antibodies , purchased by Davids Biotechnologie GMBH . Two 
different concentrations (1:1000  and 1:5000) of antibodies were tested.  ECF substrate (GE healthcare) 
coupled with an anti-rabbit alkaline phosphatase-coupled secondary antibody (Invitrogen) were used to 
develop the membranes. Pictures of the blot were obtained on ImageQuant LAS-4000 (FUJIFILM Co). Signal 
was analyzed with Image Studio Lite Software (LI-COR Biosciences).  

2.7. Peptide library screening 

Peptide libraries of α-synuclein, p53 and luciferase were purchased from JPT Peptide Technologies GmbH. 
The libraries shared a similar occurrence of amino acids residues compared to the average found in natural 
proteins (Rüdiger et al., 2001). Peptide libraries were prepared and used as previously described by Rudiger 
et al. (1997, 2001). Libraries have been produced by automated spot synthesis. They have been C-
terminally attached to cellulose by (β-Ala)2 spacer. Peptides are blocked through N-terminal acetylation. 
Each peptide presents a sequence of 13 amino acids and overlaps with the previous and following peptide 
by 10 amino acids. Libraries details are reported in supplementary information. The assay is done as 
follows: dry membranes are incubated with methanol at room temperature for 10 minutes, washed 3x10 
minutes with Tris-buffered saline pH 7.6 (TBS: 10 mM Tris/HCl, 150 mM NaCl) at room temperature and 
washed 10 minutes with MP2 buffer (10 mM Tris/HCl pH 7.5, 150 mM KCl, 20 mM MgCl2, 5% sucrose, 
0.05% (v/v) Tween 20) at room temperature. Libraries are incubated with 1 μM of FL DNAJB1, CTDI-CTDII-
DD, CTDI-CTDII, and 2 μM of JD-GF, His-SUMO-CTDI, and His-SUMO- CTDII in MP2 buffer for 30 minutes at 
room temperature, upon gentle shaking. Unbound proteins are removed washing at 4°C, 15 seconds, upon 
gentle shaking, with TBS.  Bound proteins are electrotransferred with 4 consecutive blots on PVDF 
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membranes (Thermofisher scientific) using a semi-dry blotter (provided by Prof. Melchior lab). Each PVDF 
membrane is 0.5 cm larger than the cellulose library at each dimension. PVDF membranes are sandwiched 
between Whatman paper sheets activated by soaking with the anode buffers XA2 (231 mM Tris/HCl) and 
XA1 (69,2 mM  Tris/HCl) and Whatman paper sheets soaked with catode buffer XK (57.7 mM Tris/HCl, 2.1 
M amino hexan acid 0.1% (w/v) SDS). PVDF membranes are blotted at 4°C, for 30 minutes each, with a 
constant electrotransfer power 0.8 mA/cm2 of the PVDF membranes. Blotted DNAJB1 constructs and FL are 
detected as described for the western blot. FL DNAJB1 was immunoblotted with 1:2500 anti-DNAJB1 
plyclonal antibodies (Enzo). His-SUMO-CTDI, His-SUMO-CTDII, CTDI-CTDII-DD and CTDI-CTDII were 
immunoblotted using 1:1000 of specific anti-DNAJB1 CTDI-CTDII antibiotics purchased by Davids. JD-GF was 
detected by using 1:1000 anti-DNAJB1 antibodies (Invitrogen). The signal on the PVDF membrane is 
represented by dark spots on the white background. We identified the darkest, black spots as strong binder 
peptides. We identified the grey, less marked spots and the spots where only the borders were darker as 
weak binders. Where we did have white spots or no spots we identified non-binder peptides. The peptides 
were analyzed for their composition in terms of amino acids (polar, hydrophobic, aromatic, acidic or basic), 
their net charge at pH 7 and their hydrophilicity (Hopp and Woods, 1981), according to the calculations run 
in Bachem.com. The overall peptide libraries screening protocol is showed in Figure 5.  

Table 1: Primers and templates used for JD-GF, CTDI-CTDII-DD, CTDI-CTDII, CTDI, CTDII cloning.  

Construct Forward primer Reverse primer Template  
JD-GF FW_universal_DNAJB1 

5’TAGCTCGAGCACCACCACCACCACCACTG
AGATCCGGCTGCTAAC 3’ 
 

RV_JD-GF_DNAJB1 
5’TGGTGGTGGTGCTCGAGCTACTTTCGGGCG
GGCTCTTGGGCAGAG 3’ 
 

SUMO-FL DNAJB1 pCA528 

CTDI-CTDII-DD FW_Ccd_DNAJB1 
5’AAGCAAGATCCCCCAGTCACCCACGACCT
TCGAGTCTCCCTTG 3’ 
 

RV_Ccd_DNAJB1 
5’GTGACTGGGGGATCTTGCTTACCACCAATCT
GTTCTCTGTGAG 3’ 
 

SUMO-FL DNAJB1 pCA528 

CTDI-CTDII FW_universal_DNAJB1 
5’TAGCTCGAGCACCACCACCACCACCACTG
AGATCCGGCTGCTAAC 3’ 
 

RV_Cc_DNAJB1 
5’TGGTGGTGGTGCTCGAGCTAGGGGAAGATC
ACTTCAAACTCAATAATG 3’ 
 

SUMO-CTDI-CTDII- DD 
pCA528 

CTDI FW_universal_DNAJB1 
5’TAGCTCGAGCACCACCACCACCACCACTG
AGATCCGGCTGCTAAC 3’ 
 

RV_CTD1_DNAJB1 
5’TGGTGGTGGTGCTCGAGCTAGATATTGTGG
GGCTTGTCCTTTAAAAC 3’ 
 

SUMO-CTDI-CTDII- DD 
pCA528  

CTDII FW_CTD2_DNAJB1 
5’TTTAAGAGAGATGGCTCTGATGTCATTTAT
CCTGCCAGGATCAGC 3’ 
 
 

RV_CTD2_DNAJB1 
5’TCAGAGCCATCTCTCTTAAAACCACCAATCT
GTTCTCTGTGAGCC 3’  
 

SUMO-CTDI-CTDII pCA528 

 

 Figure 5: Peptide libraries screening set up.  Libraries are activated and incubated with DNAJB1 constructs and blotted on PVDF 
membranes. The presence of the protein is detected by antibodies like in a standard western blot. Made with Biorender.com.  
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3. Results 
3.1. Establishment of DNAJB1 domains purification 

DNAJB1 subdomains constructs have been designed according to the domains boundaries mentioned in 
Hu et al., 2008; and Wentink et al., 2020 (Table 2).  

 

Figure 6: DNAJB1 full-length and constructs purification. A) Purification of FL DNAJB1 yielded an already quite pure DNAJB1 after 
the affinity chromatography (upper panel).  A final pure protein was obtained after the SEC S75 (lower panel, chromatogram in 
blue). B) CTDI-CTDII-DD purification yielded already a pure protein after the affinity chromatography (upper panel). The result 
improved also after the SEC S75 (lower panel, chromatogram in green). C) CTDI-CTDII purification yielded already a pure protein 
after the affinity chromatography (upper panel).  It was improved with the SEC S75 (lower panel, chromatogram in grey). D) JD-GF 
purification yielded a quite pure protein sample after the affinity chromatography (upper panel) which was strongly improved by 
the SEC S75 (lower panel, chromatogram in orange). E) Nickel affinity purification of His-SUMO-CTDI and His-SUMO-CTDII was quite 
successful.  

 



14 
 

We used standard pcr techniques to obtain vectors containing the desired constructs sequences, which 
have been confirmed by sequencing.  

We overexpressed both the full-length DNAJB1 and its subdomains constructs as His-SUMO-tagged 
proteins. We, therefore, used a purification protocol based on nickel affinity chromatography and reverse 
nickel affinity chromatography after the tag cleavage by Ulp1, to obtain our proteins. The samples were 
further submitted to a gel filtration purification . This protocol gave pure proteins, suitable for the peptide 
libraries screening, in the case of DNAJB1 FL,  CTDI-CTDII-DD, CTDI-CTDII and JD-GF (Figure 6-A, B, C, D). 
Unfortunately, neither this purification protocol nor other methods allowed an efficient purification of CTDI 
and CTDII (supplementary information). Since we have been able to obtain quite pure fragments using the 
nickel affinity purification on His-SUMO-CTDI and His-SUMO-CTDII, and the use of Ulp1 (even at high 
concentrations) cleavage resulted in a mixture of cleaved and uncleaved proteins (supplementary 
information), we decided to avoid the tag cleavage and work with the tagged substrates (Figure 6-E).  

Table 2: Domains boundaries of DNAJB1. 

Domain Amino acids boundaries  

J-domain (JD) 1-70 

GF-rich region (GF) 71-158 

C-terminal domain I (CTDI) 159-246 

C-terminal domain II (CTDII) 247-323 

Dimerization domain (DD) 324-340 

 

3.2. FL DNAJB1 and CTDI-CTDII-DD elute as oligomers while CTDI-CTDII and JD-GF elute as monomers 

An important quality control analysis for our proteins was represented by control of the proteins oligomeric 
state. In fact, due to the presence of the dimerization domain, the full-length DNAJB1 and CTDI-CTDII-DD 
should be able to form dimers as reported by structural analyses (Hu et al., 2008), while JD-GF and CTDI-
CTDII are expected to be monomeric due to the absence of the dimerization domain. Confirming these 
hypothesis is, therefore, important, in the context of the peptide libraries screening, to elucidate the 
number of substrates binding domains present in each construct. In fact, the avidity phenomenon caused 
by the presence of at least four binding sites on a DNAJB1 dimer is responsible for a stabilization in the 
substrate-DNAJB1 interactions, which may lead to different results in the peptide libraries screening for 
monomeric and oligomeric chaperones.  

To analyze the oligomeric states of the DNAJB1 constructs, we run a gel filtration column and compared the 
elution profile of the different proteins to standards (supplementary information). We determined the 
expected molecular weight for each construct in the monomeric state using Expasy.com. (Table 3). Due to 
the dimerization domain we expected to obtain dimeric FL DNAJB1 and CTDI-CTDII-DD, while the other 
constructs (CTDI-CTDII and JD-GF) were expected to be monomeric.  

Table 3: Boundaries of the constructs used in our study and respective molecular weights (calculated with Expasy and 
experimentally determined by SEC).  

Construct Amino acids boundaries  Expected molecular 
weight calculated by 
Expasy (kDa) 

Molecular weight of 
the SEC elution 
fractions (major 
species) (kDa) 

Full-length (FL) DNAJB1 1-340 38.044 > 600  

JD-GF 1-158 17.489  18 
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CTDI-CTDII-DD 159-340 20.573 > 600 

CTDI-CTDII 159-323 18.612  18 

CTDI 159-246 10.039 - 

CTDII 247-323 8.591 - 

 

We first run a Superdex75 (S75) column 
to characterize the oligomeric state of 
the full-length protein. From the 
chromatogram (Figure 7-A), we observed 
a peak in the early fractions 
corresponding to high molecular weight 
assembly. Moreover, the peak was not 
sharp, but presented a shoulder. 
Therefore, we  hypothesized  the 
presence of higher molecular weight 
species. To test our hypothesis, and gain 
a better resolution, we run a smaller 
amount of protein on a Superdex200 
(S200) column. The elution profile (Figure 
7-A) showed the presence of DNAJB1 
multimers (molecular weight:  higher 
than 600 kDa) which represented the 
most abundant species. In fact FL 
DNAJB1 started eluting at  42 ml which 
represents also the beginning of the 
elution peak of the S200 standard curve 
(supplementary information) 
representing the elution of 
Thyroglobulin (molecular weight: 670 

kDa).  A small peak was also seen further ahead in the chromatogram: comparing it to the S200 standard 
curve we hypothesized it represented dimeric DNAJB1 species.   

The elution profile on the S75 of CTDI-CTDII-DD clearly showed the presence of oligomers (molecular 
weight: circa 600 kDa) (Figure 7-B). The protein eluted mainly with a peak corresponding to the highest 
molecular weight proteins run in the standard curve (supplementary information), with a smaller peak 
corresponding to dimers.   

Analyzing the chromatogram of CTDI-CTDII run on the S75, on the other hand, the protein eluted as a 
monomer, in line with the estimated molecular weight of circa 18 kDa (Figure 7-C): in fact a peak was seen 
in fractions slightly earlier than the ones where Myoglobin (17 kDa) runs in the  S75 standard curve 
(supplementary information).  

Lastly, JD-GF elution profile  on the S75 showed the presence of monomers only (molecular weight circa 17-
18 kDa) (Figure 7-D) eluting in similar fractions compared to Myoglobin (17 kDa) in the standard curve 
(supplementary information).  

Figure 7: oligomeric state analyses of FL DNAJB1, CTDI-CTDII-DD, CTDI-CTDII, 
JD-GF. A) The elution profile of the FL DNAJB1 run on the S75 is shown in blue 
(upper panel, in blue) and shows the presence of different oligomeric states. 
Zooming on the elution profile obtained with the S200 (lower panel, in blue) a 
bigger early peak corresponding to multimers appears, followed by a minor 
peak representing dimers. B) The elution profile on SEC S75 of CTDI-CTDII-DD is 
represented in green and shows the presence of oligomers. C) The elution 
profile of CTDI-CTDII on SEC S75 is shown in grey and shows a sharp peak 
representing a monomeric species. D) The elution profile of JD-GF on SEC S75 is 
shown in orange and shows the presence of  a monomeric protein. 
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Overall, the SEC analyses demonstrated that FL DNAJB1 and 
CTDI-CTDII-DD eluted mainly as oligomeric species while 
CTDI-CTDII and JD-GF as monomeric species.  We could 
expect DNAJB1 oligomers as a major species: in fact, the 
tendency of being very sticky has been already reported for 
JDPs (Kampinga and Craig, 2010). This behavior has been 
reported to be even stronger in the absence of the J domain, 
and, indeed, the elution profile on the S75 of CTDI-CTDII-DD 
clearly showed the presence of oligomers. However, it is 
noteworthy that  the depletion of the dimerization domain 
abolishes completely the presence of oligomeric species 
which are not found in CTDI-CTDII (and JD-GF).  

 

3.3.  Only DNAJB1 FL allows an efficient α-synuclein 
fibrils disaggregation  

In order to understand precisely the role of each subdomain 
construct in the overall DNAJB1 activities,  we investigated 
the ability of FL DNAJB1, CTDI-CTDII-DD, CTDI-CTDII and JD-GF 

to perform amyloid fibrils disaggregation in the presence of HSP70, the NEF APG2 and ATP.  Knowing the 
importance of both the J domain and the DNAJB1 C-terminus in the interaction with HSP70 and their role in 
fibrils disaggregation (Wentink et al., 2020)  we expected to obtain disaggregation only in the presence of 
the full-length protein.  

We tested our hypothesis by monitoring the fluorescence of thioflavin T (ThT) over a 8-hours reaction 
incubating DNAJB1 full-length or its constructs, with HSP70, ATP and APG2. ThT  detection allows to detect 
the presence and amount of amyloid fibrils over time.  Our results clearly shows disaggregation (circa 20%) 
only in the presence of the full-length protein, while no significant decrease in the ThT signal was detected 
for the samples carrying CTDI-CTDII-DD, CTDI-CTDII and JD-GF (Figure 8).  This result is consistent with the 
previously reported data which indicate the requirement of the full-length wild type DNAJB1 to efficiently 
stimulate fibrils disaggregation (Wentink et al., 2020). 

3.4. Western blots establish different efficiency in antibodies-mediated recognition of the different 
DNAJB1 constructs 

Detection through antibodies is essential for an efficient screening of the peptide libraries. That is why 
we tested two different anti-DNAJB1 polyclonal antibodies (purchased by Enzo and Invitrogen), at 
different dilutions and with different proteins concentrations, for their recognition of the different 
constructs we wanted to test for the libraries screening.  

The FL DNAJB1 was well recognized by both the antibodies at all the tested concentrations 
(supplementary information). Nevertheless, the best results were achieved with Enzo antibodies, 
already at a 1:5000 dilution (Figure 9-A). The JD-GF construct was recognized well by both the 
antibodies, especially at 1:1000 dilution (supplementary information), but Invitrogen antibodies 
showed a better specificity for this fragment (Figure 9-B).  

Figure 8: ThT mediated disaggregation assays. 
Efficient fibrils disaggregation (2μM of preformed WT 
α-synuclein fibrils either 2 μM of DNAJB1 FL or its 
constructs JD-GF, CTDI-CTDII-DD, CTDI-CTDII, 4 μM of 
HSP70 and 0.2 μM of, 2 mM ATP) only in the presence 
of the FL DNAJB1 (darkest blue). No disaggregation is 
seen for CTDI-CTDII-DD (light blue), CTDI-CTDII  (grey) 
and JD-GF samples (blue).  Data represent a duplicate. 
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Figure 9: Western blots. A) Enzo polyclonal anti-DNAJB1 antibodies efficiently recognized different FL DNAJB1 concentrations 
at a dilution 1:5000. B) Invitrogen polyclonal anti-DNAJB1 polyclonal antibodies efficiently different concentrations of JD-GF at 
a dilution 1:1000.  C) Davids anti-CTDI-CTDII polyclonal antibodies efficiently recognized CTDI-CTDII-DD at different 
concentration using a 1:1000 antibodies dilution. D) Davids anti CTDI-CTDII purchased polyclonal antibodies efficiently 
recognized different concentrations of CTDI-CTDII at a 1:1000 dilution. E) Davids anti-CTDI-CTDII polyclonal antibodies 
recognized His-SUMO-CTDI, in particular at higher protein concentration while testing a 1:1000 antibodies dilution. F) Davids 
anti-CTDI-CTDII-polyclonal antibodies efficiently recognized His-SUMO-CTDII at a 1:1000 dilution in particular at high protein 
concentrations. 

Unfortunately, CTDI-CTDII-DD and CTDI-CTDII, and Ulp1 cleaved CTDI and CTDII were not strongly 
recognized by the polyclonal antibodies (neither by Enzo, nor by Invitrogen ones) at any dilutions and 
protein concentrations (supplementary information).  We hypothesize that the main antigens 
recognized by those antibodies in DNAJB1 are located within the J domain and the GF-rich region.  We, 
therefore, sent newly purified CTDI-CTDII to Davids Biotechnologie GMBH. The company provided us 
with rabbit serum containing anti-CTDI-CTDII polyclonal antibodies. We tested those antibodies on JD-
GF (as a negative control), FL DNAJB1 (supplementary information), CTDI-CTDII-DD (Figure 9-C), CTDI-
CTDII (Figure 9-D), His-SUMO-CTDI  (Figure 9-E) and His-SUMO-CTDII (Figure 9-F) with different protein 
concentrations. The signal given for the constructs containing CTDII was generally good, in particular in 
the case of CTDI-CTDII-DD, CTDI-CTDII and the full-length protein. His-SUMO-CTDI was less well 
recognized by the antibody. We therefore hypothesize that the main antigen bound by the new 
polyclonal antibodies was located in CTDII. JD-GF, as expected, was not recognized by anti-CTDI-CTDII 
polyclonal antibodies (supplementary information). 

Overall, we have been able to obtain generally a good signal from the different antibodies detection 
and we could, thus, proceed with the peptide libraries screening.  

 

3.5.  Peptide libraries screening identifies DNAJB1 full-length and its subdomains binding sites 

In order to elucidate DNAJB1 client binding specificity, we performed a peptide libraries screening. In 
our work we screened three different peptide libraries: α-synuclein, p53 and luciferase (supplementary 
information).  
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α-synuclein is a small protein whose aberrant aggregation has been liked with neurodegenerative 
disorders such as Parkinson’s disease (Bras et al., 2020). The relationship between DNAJB1 and α-
synuclein has been extensively described due to the ability of the HSP70 chaperone machinery to bind 
and disaggregate α-synuclein fibrils (Pemberton et al., 2011; Duennwald et al., 2012; Gao et al. 2015; 
Wentink et al.,  Franco et al., 2021; Beton et al., 2022).   

p53 is a transcription factor which is activated in response of cellular stress and represents the most 
frequently mutated protein in human tumors (Mantovani et al., 2019).  Regulation of p53 mediated by 
DNAJB1 through the interaction with MDM2 has been reported (Qi et al., 2013), and, more importantly, 
the HSP70 chaperone machinery has been demonstrated to unfold p53 (Boysen et al., 2019).  

Luciferase (from R. Muelleri in our study) is a commonly used substrate for protein refolding assays 
(Minami et al., 1996; Lüders et al., 1998) and has been, as well as p53, already screened in libraries 
binding experiments for the bacterial DNAK and DNAJ (Rüdiger et al., 1997; Rüdiger et al., 2001).   

Each library was screened with FL DNAJB1; while only luciferase and p53 libraries were screened for JD-
GF, CTDI-CTDII-DD, CTDI-CTDII, His-SUMO-CTDI and His-SUMO-CTDII, due to the expiration of the α-
synuclein library. 

a. FL DNAJB1 

First, we screened α-synuclein, p53 and luciferase libraries with FL DNAJB1 (Figure 10-A). To test the 
consistency of the results we repeated the experiment multiple times (supplementary information).  
Basing on Rüdiger’s work on the bacterial class A DNAJ (2001), we expected to identify a shared binding 
specificity (meaning selectivity for hydrophobic residues) between DNAJB1 and DNAJ.  

DNAJB1 showed the ability to discriminate between the peptide sequences, binding only some of them. 
Blotting results were visible on the third blot for the p53 and luciferase libraries and on the first blot for 
the α-synuclein library. Often clusters of binder peptides were found, indicating that a binding 
sequence was shared between the peptides.  

Putting the data together, a total of 273 peptides were analyzed. Overall, 44 weak binders and 19 
binders were identified. Analyzing the whole peptide sequences and classifying strong, weak and non-
binder peptides, we reported a preference in binding hydrophobic peptides (Figure 10-B). Moreover, 
the net charge of the peptides which were engaged by FL DNAJB1 was negative (Figure 10-C). This is 
consistent with the preference of binding peptides enriched in acidic residues. Moreover, FL DNAJB1 
showed a preference in binding aromatic residues enriched peptides. Leucine, Valine and Isoleucine 
(hydrophobic residues) were also abundant in strong binders, which underlines the importance of 
hydrophobicity in DNAJB1 substrate recognition.  On the other hand, a decrease in the occurrence of 
basic residues in binder peptides was observed if compared to the non-binders or to the whole 
peptides pool (total)(Figure 10-D). The presence of hydrophobic and aromatic residues in the binding 
site is also consistent with the substrate binding sites identified for DNAJ (Rüdiger et al., 2001). 
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Figure 10: peptide libraries screening with FL DNAJB1. A) Images of the PVDF membranes representing the first blot of α-synuclein 
peptide library (upper panel), and the third blots of luciferase peptide library (medium panel), p53 library (lower panel). All the 
libraries were incubated with 1 μM of DNAJB1. We classified the strong binders peptides as the darkest spots, the weak binders as 
the grey spots or the spots with a dark border and the non-binders as the white spots or the spots which did not give any signal. B) 
Average hydrophilicity of the entire peptide libraries, of the non-binders, weak binders and strong binders for FL DNAJB1: the 
hydrophilicity diminishes while the binding becomes stronger. C) Net charge at pH 7 of the entire peptide libraries, of the non-
binders, weak binders and strong binders for FL DNAJB1: FL DNAJB1 shows a preference for binding negatively charged peptides. D) 
Amino acids occurrence of the entire peptide libraries, in cyan, of the non-binders, in orange,  weak binders, in grey, and strong 
binders, in yellow,  for FL DNAJB1: the binder peptides show enrichment in negatively charged residues and aromatic residues, 
while binding to positively charged residues is avoided. E) Human α-synuclein  domains (N-terminus, NAC and C-terminus) 
representation with a zoom on the last 20 residues of the C-terminal domain. The DNAJB1 binding site identified by our peptide 
library screening is highlighted in green in the sequence. The binding site identified by Wentink et al. (Nature, 2020), is highlighted 
in bold: the sequences found mostly overlap and the crucial Y125 residue is present in both the binding sequences found.  

Of particular interest, the α-synuclein libraries shows a very clear binding pattern with a unique strong 
binder peptide (Figure 10-A, upper panel). It confirms the binding pattern described above 
(supplementary information), but, most importantly, it clearly identifies the DNAJB1 binding site due to 
the presence of the single strong binder peptide. This binding site (peptide 42, residues 124-137) 
almost perfectly overlaps with the DNAJB1 binding site on α-synuclein identified by NMR by Wentink et 
al., in 2020 (residues 123-129)(Figure 10-E). This result is meaningful since it confirms the important 
presence of acidic and aromatic amino acids in DNAJB1 binding motifs on the substrates and support  
the pivotal role of Y125 on α-synuclein for DNAJB1 binding described by Wentink et al., in 2020.  

 

b. JD-GF 

We then screened the p53 and luciferase peptide libraries for the binding with JD-GF. Unfortunately, 
we could not use the α-synuclein library anymore, since no signal was detected in previous replicate 
experiments with the full-length DNAJB1 protein. We expected a only partially shared binding 
specificity with the full-length protein, since the J domain does not present client engagement sites but 
interacts with HSP70 in the context of the whole chaperone machinery.  
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Blotting results were visible on the third blot for the p53 and luciferase libraries.  Using the p53 and 
luciferase libraries, we identified 43 weak binders and 24 strong binders for JD-GF in the 229 peptides 
screened. In fact, JD-GF showed the ability to discriminate between the peptide sequences, binding 
only some of them. Often clusters of binder peptides were found, indicating that a binding sequence 
was shared between the peptides. The blotting pattern seemed partially shared with the full-length 
protein (Figure 11-A). Nevertheless, analyzing the binders/non-binders peptides, some differences 
were found. In fact, despite the presence of aromatic residues, Valine, Leucine and Isoleucine in the 
binder sequences (which is shared with the full-length protein), more positively charged residues were 
bound and there was a less strong preference in binding peptides enriched in negatively charged amino 
acids (Figure 11-B). The net charge at pH 7 of the binders (in this case,  in particular, considering the 
weak binders only) was still lower than the one shown by the non-binder peptides. Nevertheless, it was 
higher than the one showed screening the libraries with the full-length protein (Figure 11-C).  
Moreover, JD-GF showed the tendency of binding hydrophobic peptides resembling the FL DNAJB1.  
(Figure 11-D). 

Figure 11: peptide libraries screening with JD-GF. A) Images of the PVDF membranes (third blots) of the p53 (upper panel) and 
luciferase (lower panel) libraries. All the libraries were incubated with 2 μM of JD-GF. We classified the strong binders peptides as the 
darkest spots, the weak binders as the grey spots or the spots with a dark border and the non-binders as the white spots or the spots 
which did not give any signal. B) Amino acids occurrence in the entire peptide libraries, in cyan, in the non-binders, in orange,  weak 
binders, in grey, and strong binder peptides, in yellow. JD-GF shows a preference for aromatic residues, Leu and Ile. The binding of basic 
residues-enriched peptides increases, and the binding of acid amino acids-enriched peptides decreases, if compared to FL DNAJB1. C) 
Peptides net charge at pH 7 of the entire peptide libraries, of the non-binders, weak binders and strong binders for JD-GF: binders tend 
to have a lower charge, if compared to non-binders . D) Average hydrophilicity  of the entire peptide libraries, of the non-binders, weak 
binders and strong binders for JD-GF: the protein tends to bind hydrophobic peptides.  
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 A similar result was expected since the J domain is known not to interact with the substrate, but with 
the HSP70 hydrophobic linker region, and only speculations have been made regarding the possible 
presence of a substrate binding site in the GF-rich region.  

 

c. CTDI-CTDII-DD 

We screened p53 and luciferase libraries also with CTDI-CTDII-DD. We expect to obtain a similar binding 
pattern, compared to the FL DNAJB1, since CTDI-CTDII-DD has  been reported to carry four client 
binding domains, two on the CTDs of each monomer within the dimer. 

Spots were visible on the third blot for the p53 and luciferase libraries. The construct discriminated 
between the peptide sequences, binding only some of them. Often clusters of binder peptides were 
found, indicating that a binding sequence was shared between the peptides. The binding pattern 
resembled that of the full-length protein (Figure 12-A): we identified 48 weak and 19 strong binders.  
Similarly, the binder peptides show lower hydrophilicity (higher hydrophobicity) compared to the non-
binders and whole peptides group (Figure 12-B). The net charge at pH 7 for the binders was negative 
(Figure 12-C), supporting the strong preference of CTDI-CTDII-DD in binding peptides enriched in acidic 
residues. Moreover, aromatic residues and Isoleucine residues were abundant in the weak and, in 
particular, in the strong binder peptides. CTDI-CTDII-DD showed a tendency of avoiding the binding to 
basic residues enriched peptides (Figure 12-D). These features are in line with the data found for the FL 
DNAJB1 

Figure 12: peptide libraries screening for CTDI-CTDII-DD. A) Images of the PVDF membranes (third blots) of the p53 (upper panel) 
and luciferase (lower panel) libraries. All the libraries were incubated with 1 μM of CTDI-CTDII-DD. We classified the strong binders 
peptides as the darkest spots, the weak binders as the grey spots or the spots with a dark border and the non-binders as the white 
spots or the spots which did not give any signal. B)  Average hydrophilicity  of the entire peptide libraries, of the non-binders, weak 
binders and strong binders for CTDI-CTDII-DD: the protein tends to bind less hydrophilic peptides. C) Peptides net charge at pH 7 of 
the entire peptide libraries, of the non-binders, weak binders and strong binders for CTDI-CTDII-DD: binder peptides (weak and 
strong) show overall a negative charge, while non-binders are slightly positively charged. D) Amino acids occurrence in the entire 
peptide libraries, in cyan, in the non-binders, in orange,  weak binders, in grey, and strong binder peptides, in yellow. A strong 
preference for negatively charged and aromatic residues was detected.  
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Spots were visible on the third blot for the p53 and luciferase libraries. The construct discriminated 
between the peptide sequences, binding only some of them. Often clusters of binder peptides were found, 
indicating that a binding sequence was shared between the peptides. The binding pattern resembled that 
of the full-length protein (Figure 12-A): we identified 48 weak and 19 strong binders.  Similarly, the binder 
peptides show lower hydrophilicity (higher hydrophobicity) compared to the non-binders and whole 
peptides group (Figure 12-B). The net charge at pH 7 for the binders was negative (Figure 12-C), supporting 
the strong preference of CTDI-CTDII-DD in binding peptides enriched in acidic residues. Moreover, aromatic 
residues and Isoleucine residues were abundant in the weak and, in particular, in the strong binder 
peptides. CTDI-CTDII-DD showed a tendency of avoiding the binding to basic residues enriched peptides 
(Figure 12-D). These features are in line with the data found for the FL DNAJB1.  

It is meaningful that the construct carrying the two substrate binding domains shows a similar pattern, 
compared to the full-length protein; in fact, this demonstrates that the selectivity in the substrate binding 
of FL DNAJB1 is dictated by CTDI and CTDII.  

 

d. CTDI-CTDII 

We screened p53 and luciferase libraries for CTDI-CTDII binding. In fact, we wanted to investigate the 
impact of the dimers formation in the substrate binding comparing the binding specificity and efficiency on 
the peptide libraries of CTDI-CTDII (monomeric) to the above presented CTDI-CTDII-DD.  

Figure 13: peptide libraries screening for CTDI-CTDII. A) Images of the PVDF membranes (third blots) of the p53 (upper panel) and 
luciferase (lower panel) libraries. All the libraries were incubated with 1 μM of CTDI-CTDII.  We classified the strong binders 
peptides as the darkest spots, the weak binders as the grey spots or the spots with a dark border and the non-binders as the with 
spots or the spots which did not give any signal. B) Average hydrophilicity  of the entire peptide libraries, of the non-binders, weak 
binders and strong binders for CTDI-CTDII: the protein tends to bind the most hydrophobic peptides . C) Peptides net charge at pH 7 
of the entire peptide libraries, of the non-binders, weak binders and strong binders for CTDI-CTDII: binder peptides (weak and 
strong) show overall a negative charge, while non-binders are slightly positively charged. D) Amino acids occurrence in the entire 
peptide libraries, in cyan, in the non-binders, in orange,  weak binders, in grey, and strong binder peptides, in yellow. A strong 
preference for negatively charged and aromatic residues, Leu, Ile and Asn was detected.  
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Figure 14: Peptide libraries screening for His-SUMO-CTDI and His-SUMO-CTDII. 
A) His-SUMO-CTDI screening of p53 library (upper panel) and luciferase (lower 
panel). All the libraries were incubated with 2 μM of protein. Both the images 
represents the third blot on PVDF membranes. Unfortunately no signal was 
detected. B) His-SUMO-CTDII screening of p53 library (upper panel) and luciferase 
(lower panel). Both the images represents the third blot on PVDF membranes. All 
the libraries were incubated with 2 μM of protein.  Two spots could be seen on 
the p53 image, but it has not been possible to detect whether they were 
unspecific or not and which peptides they represented. Unfortunately no signal 
was detected on the luciferase library screening.  

Results were visible on the third blot for the p53 and luciferase libraries CTDI-CTDII discriminated between 
the peptide sequences, binding only some of them. Often clusters of binder peptides were found, indicating 
that a binding sequence was shared between the peptides. Through our libraries screening,  we identified 
40 weak binder peptides and 15 strong binders. The binding pattern resembles both the FL DNAJB1 and 
CTDI-CTDII-DD ones (Figure 13-A).  In fact, the weak binders and the strong binders were less hydrophilic 
than the non-binders and showed lower hydrophilicity compared to average hydrophilicity of the whole 
libraries (Figure 13-B). We confirmed the preference of the substrate binding domains to engage  
negatively charged peptides, both in the case of weak and strong binder peptides (Figure 13-C). In fact, we 
identified a marked tendency of binding peptides enriched in acid and aromatic amino acids, Leucine and 
Isoleucine, with an overall behavior that resembles the one showed by CTDI-CTDII-DD and the full-length 
protein (Figure 13-D).  

These data are noteworthy, since they confirm, once again that the specificity for the substrate binding is 
strongly directed by the two C-terminal domains of DNAJB1. Unfortunately, it was not possible to detect 
differences in affinity between CTDI-CTDII and CTDI-CTDII-DD using the libraries screening. 

e. His-SUMO-CTDI and His-SUMO-CTDII 

We screened p53 and luciferase libraries also for His-SUMO-CTDI and His-SUMO-CTDII constructs to identify 
possible differences in their substrate specificity. Unfortunately, in both the cases, we did not obtain any 
interpretable signals (Figure 14-A and B). 

 Multiple reasons could have concurred in causing this unsuccessful result: we first hypothesize that the 
libraries we were using were exhausted: in fact, a limited amount of experiments (circa 8-10) could be run 
on every library. Furthermore, it could be possible that the affinity showed by the single C-terminal 
domains for the peptides is not high enough to give detectable binding. In this case, using protein 
engineering techniques to produce obliged homodimers of CTDI and CTDII may, at least partially, solve the 
problem. Moreover, it is possible that CTDI and CTDII were not correctly folded in the tagged constructs we 
tested  and, therefore, were not  able to bind the libraries correctly. This hypothesis may be tested using 

circular dichroism techniques to check the 
folded structures. In the case of the presence 
of correctly folded β-barrel domains, extra 
attention would be required to repeat the 
experiments: the binding to the peptide 
libraries may be influenced by the presence of 
the tag, which is significantly large, compared 
to CTDI and CTDII. A negative control 
experiment, screening the libraries with His-
SUMO and using anti-His tag antibodies would 
be required. We also demonstrated that, His-

SUMO-CTDI detection through anti-CTDI-CTDII 
polyclonal antibodies (Figure 9-E) was not 
completely efficient. Thus, detection through 
anti-His antibodies may be required to 
increase and improve the signal.  
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4. Discussion  

We performed peptide libraries screening with full-length DNAJB1 and JD-GF, CTDI-CTDII-DD, CTDI-CTDII, 
His-SUMO-CTDI and His-SUMO-CTDII to identify binding motifs recognized by DNAJB1 and its client binding 
domains.  

Overall, our data of the whole peptide libraries screening identified for the full-length DNAJB1 and the 
constructs carrying the substrate binding domains a preference in binding peptides enriched in acidic and 
aromatic residues. The weak and strong binders showed, generally, a negative charge, due to the presence 
of several acidic residues  and the lack or scarcity of basic amino acids in the binder peptides and presented 
hydrophobicity features.  The binder sequences we identified tended to be less hydrophilic (more 
hydrophobic) than non-binder ones and this is in line with slightly higher presence of hydrophobic residues 
such as Leucine, Valine and Isoleucine in the binders compared to the non-binder sequences. These data 
are in line with the substrate binding pattern identified by NMR in a recent work (Wentink et al., 2020).  

Nevertheless, a different binding specificity emerges from our data comparing them to the peptide libraries 
screening run for the bacterial JDP DNAJ (Rüdiger et al., 2001) and HSP70 DNAK (Rüdiger et al., 1997). 
Rüdiger and co-workers in both their papers used both luciferase and p53 libraries: while the luciferase 
library they tested was bigger than ours, the p53 one resembled ours.  However, the blots patterns and the 
bound peptides appear to be different.  In particular, analyzing the sequences of the binder and non-binder 
peptides, we found out that even if binding to peptides enriched in aromatic, Leucine and Isoleucine 
residues was found to be a shared feature for DNAJB1 (FL, CTDI-CTDII, CTDI-CTDII-DD) and DNAJ (Rüdiger et 
al., 2001) and DNAJB1 and DNAK (Rüdiger et al., 1997), DNAJ and DNAK binding was disfavored to 
sequences enriched in negatively charged residues (Rüdiger et al., 1997; Rüdiger et al., 2001), while DNAJB1 
(FL, CTDI-CTDII, CTDI-CTDII-DD)  strongly prefers to interact with them. On the other hand, DNAJ already 
shows less disfavor for acidic amino acids (Rüdiger et al., 2001), if compared to DNAK (Rüdiger et al., 1997). 
Moreover, DNAK showed a preference for binding basic residues (Rüdiger et al., 1997, Wentink et al., 
2020), which were disfavored by DNAJB1(FL, CTDI-CTDII, CTDI-CTDII-DD) . The presence of different binding 
specificities for HSP70 and J domain proteins is not surprising, in fact it has been demonstrated that they 
present different binding sites on α-synuclein analyzing  DNAJB1 and HSP70 (Wentink et al., 2020). On the 
other hand, the differences in DNAJ and DNAJB1 (FL, CTDI-CTDII, CTDI-CTDII-DD) binding selectivity are 
quite puzzling. Differences may arise from the different JDPs classes they represent (DNAJ is a class A JDP), 
or from differences between the prokaryotic and eukaryotic systems.  In the former case, the data we 
presented would be meaningful representing a first step in understanding the differences in substrates 
targeting for class A and B JDPs. Elucidations may come from peptide libraries screening with a human class 
A JDP. In fact, we strongly believe that peptide libraries screening with DNAJA2 or DNAJA1 (two of the 
major class A human JDPs) would be of interest: a comparison between our data obtained with DNAJB1 and 
data from a class A JDP (and its subdomains) may help in explaining the differences different classes have in 
binding specificities and cellular activities (Kampinga and Craig, 2010). On the other hand screening of the 
peptide libraries with different class B JDPs may be meaningful to elucidate better the features shared by 
the single protein class. 

Unfortunately, we have not been able to detect differences in the binding strength or affinity comparing 
the results obtained with CTDI-CTDII and CTDI-CTDII-DD. Our hypothesis is that the presence of four binding 
sites, by means of avidity, strongly stabilizes the interaction with substrates, but using the peptide libraries 
screening we have not been able to detect this phenomenon. FRET or other techniques monitoring affinity, 
association and dissociation constants, may be more efficient for this purpose.   
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Our data from the libraries screening with JD-GF showed different binding specificities if compared to 
DNAJB1 FL, CTDI-CTDII and CTDI-CTDII-DD. This is not surprising, since the J domain is known to interact 
with the hydrophobic HSP70 NBD-SBD linker (Kytik et al., 2018). The linker is enriched in Leucine and 
Aspartic Acid residues (Chakafana et al., 2019), which are abundant in the peptides bound by JD-GF. Thus, 
our blots may represent this interaction, which might bias the whole libraries screening with JD-GF. 
However, it has been suggested that an additional substrate binding site may be present in the GF-rich 
region (Kampinga et al., 2019).  To test this hypothesis, an efficient solution may be producing a DNAJB1 
construct carrying only the GF region and screening the peptide libraries with it, comparing, eventually , the 
results with the ones obtained for DNAJB1 FL, CTDI-CTDII, CTDI-CTDII-DD.  

Generally, in all the libraries which gave signals, it results difficult to identified a precise length in the 
substrate binding sequence. In fact, different lengths of binders stretches  (meaning that binding occurs to 
different amounts of consequent peptides) could be seen. From the α-synuclein library screening we 
detected a single, unique binding site.  This is remarkable: in our α-synuclein peptide libraries screening, we 
confirmed the presence of a binding site for DNAJB1 on α-synuclein C-terminus. Our data suggest that the 
binding site is comprised between residues 124 and 137: NMR data recently published on Nature (Wentink 
et al., 2020) identified the DNAJB1 binding site on α-synuclein between residues 123 and 129, emphasizing 
the importance of Y125 in mediating the interaction.   

To use the libraries, we efficiently purified and determined the oligomeric state of DNAJB1 full-length and 
of the subdomains constructs JD-GF, CTDI-CTDII-DD and CTDI-CTDII. While JD-GF and CTDI-CTDII, lacking 
the dimerization domain, eluted from the gel filtration column as monomers, as expected, we observed the 
formation of higher molecular weight assemblies for FL DNAJB1 and CTDI-CTDII-DD. This is not surprising 
considering  the sticky behavior JDPs often show. Nevertheless, smaller fractions of proteins presenting the 
expecting molecular weight of a dimer were observed. 

Unfortunately, an efficient purification of CTDI and CTDII was not obtained. From our data (supplementary 
information) we can speculate that pure proteins may be obtained using an active Ulp1 able to completely 
remove the His-SUMO tag followed by cationic exchange chromatography. Further analyses determining 
the correct folding of the two domains will be required before proceeding with the experiments. In fact, we 
could not detect any specific signal on our libraries screening with the constructs carrying CTDI or CTDII. 
The peptide libraries represent an useful but fragile tool, which can be screened only a very limited amount 
of times and this may be why no specific signal was detected for CTDI and CTDII. This information would be 
crucial to understand how JDPs engage substrates. It has been reported that substrates mainly engage 
CTDII (Faust et al.,2020), or it has been speculated that CTDI and CTDII might have different specificities 
(Jiang et al., 2019). To elucidate the precise role of each CTD, it is crucial to efficiently purify them (even 
with a tag) and screen the peptide libraries with them. Building engineered CTDI and CTDII homodimers 
may represent an efficient solution to increase their affinity for the  peptide libraries and obtain clearer 
data. 

Lastly, we demonstrated that only the full-length DNAJB1 supports efficient α-synuclein fibrils 
disaggregation, while no disaggregation was detected adding either CTDI-CTDII, CTDI-CTDII-DD or JD-GF to 
HSP70, APG2 and ATP to the fibrils. This result is in line with the results published by Wentink et al. and 
Faust et al., in 2020. In fact, Faust and coworkers demonstrated that no binding to HSP70 was detected by 
investigating the interactions between DNAJB1 JD-GF and HSP70 by NMR. This phenomenon is dependent 
on the presence of helix V in the GF-rich region which inhibits the HSP70 binding, covering its interaction 
site on the J-domain and only the interaction of DNAJB1 CTDI with HSP70 C-terminal peptide EEVD releases 
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the helix V mediated inhibition (Faust et al., 2020). Therefore, we speculate that our JD-GF construct, 
lacking the second interaction site (CTDI) for HSP70, is not able to unlock the release of helix V mediated 
inhibition. Since the J domain-HSP70 interaction is missing, we hypothesize that  JD-GF does not stimulate, 
through its J domain, the ATPase activity of HSP70.  HSP70, in fact, show poor intrinsic ATPase activity, even 
in presence of the substrate, in absence of JDPs, and the absence of ATPase activity stimulation strongly 
impacts the HSP70 activity, which becomes mainly conceiving aggregation prevention  (Kityk et al., 2018). It 
is unlikely that the absence of the C-terminal substrate binding domains in the JD-GF construct strongly 
affects the targeting function of DNAJB1 since a recent study demonstrated that the absence of DNAJB1 
binding site on α-synuclein  fibrils does not prevent HSP70 from fully interacting with fibrils (Wentink et al., 
2020). Further analyses analyzing the behavior of JD-GF in the presence of HSP70 and fibrils may be 
required. On the other hand, the absence of the J domain mediated HSP70 conformational changes 
described in Wu et al., 2020, may represent the reason why we did not detect α-synuclein fibrils 
disaggregation in the reactions carried on with CTDI-CTDII or CTDI-CTDII-DD instead of the full-length 
DNAJB1: the intrinsic ATPase activity of HSP70 would be not sufficient to actively stimulate disaggregation. 
Moreover, it has been demonstrated that the presence of helix V is required for disaggregation (Faust et al., 
2020), and in both the C-terminal subdomains constructs it is missing. Also, the lack of J domain may 
influence HSP70 binding to the substrate (Wentink et al., 2020).  Moreover, it has been demonstrated that 
substrates and HSP70 C-terminal sequence EEVD can interact simultaneously with DNAJB1 CTDI (Faust et 
al., 2020): it is tempting to speculate that binding of HSP70 might occur in the presence of CTDI-CTDII-DD 
and CTDI-CTDII, which may also engage the substrate: testing this hypothesis, for instance using NMR 
approaches, would be meaningful.  

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27 
 

 

5. Conclusion  

In conclusion, our data demonstrate that the sequence DNAJB1 recognizes through the substrate 
binding domains CTDI and CTDII on its clients is enriched in acidic and aromatic amino acids, presents 
low hydrophilicity and negative charge at pH 7. These data are meaningful since they identify a target 
on the clients for their recognition and engagement by DNAJB1, and, in particular, by its C-terminal 
substrate binding domains CTDI and CTDII. The results are remarkable since they are also in line with 
data published in previous publications which identified the DNAJB1 binding site in α-synuclein by 
NMR.  Nevertheless, the substrate specificity described for DNAJ, a bacterial, class A JDP, is slightly 
different, and this opens the question whether the differences which have been identified may arise 
from the different JDPs class DNAJ and DNAJB1 belong to. Thus, the data presented in this report will 
need to be confirmed for other JDPs from class B  and their comparison with data from class A JDPs 
peptide libraries screening will be required to confirm this hypothesis.  The use of other techniques, 
such as FRET or optical tweezers (which allow to test also structured or partially structured substrates), 
may be required to confirm the identified binding specificity, allowing a better comprehension of the 
chaperone system.  
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7. Supplementary information 

More supplementary information and raw data may be required to T.L. Dang and Dr. A. Mogk.  

1. Peptide libraries peptides pattern and sequences:  
- p53 

 
- α-synuclein 
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- luciferase 
 

 
 

 

2. Purification attempts CTDII and CTDI: affinity and reverse affinity purification were performed as 
described for the other constructs in materials and methods. SEC was performed with a Superdex 30 
column, using the buffer previously described for the other constructs. Cationic exchange 
purification was performed with a Resource S column (Cytiva) with a salt concentration gradient 
ranging from 5 mM to 1 M KCl (in HEPES-KOH pH 7.5 50 mM, MgCl2 5 mM, glycerol 5%, β-
mercaptoethanol 3 mM).   
a. CTDII 

 

b. CTDI 
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3. Standard curves SEC Superdex200 and Superdex75. The table below the curves shows the 
molecular weights of the proteins run in the standard curves.  
a. S200 

b. S75 

  
4. Western blots 

a. ENZO anti-DNAJB1 polyclonal antibodies, 1:1000 dilution 
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b. ENZO anti-DNAJB1 polyclonal antibodies 1:5000 dilution 
 
 

 
 
 
 
c. INVITROGEN anti-DNAJB1 polyclonal antibodies, 1:1000 dilution 
 

 
d.  INVITROGEN anti-DNAJB1 polyclonal antibodies, 1:5000 dilution  
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e. DAVIDS anti-CTDI-CTDII polyclonal antibodies, 1:1000 dilution  

 
f. DAVIDS anti-CTDI-CTDII polyclonal antibodies, 1:5000 dilution  

 
 

 
 
 

  

5. FL DNAJB1 peptide libraries screening 
a.  Luciferase library: all the pictures represents images of the third blot. The images were taken in 

four independent experiments.  
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b. α-synuclein library: all the pictures represents images of the first blot. The images were taken in 
five independent experiments. Unfortunately, the signal was completely lost after the third 
experiments, maybe due to the very little amount of experiment which can be done with a library.  

 
c. p53 library: all the pictures represents images of the third blot. The images were taken in three 

independent experiments.  

 

 
6. α-synuclein library analyses: peptides were classified in: strong binders, weak binders and very 

weak binders. We analyzed them for the overall hydrophilicity, net charge at pH 7, amino acids 
occurrence exactly in the same way we analyzed the other libraries results. The data are comparable 
to the ones found screening luciferase and p53 libraries (the binding is occurring in the presence of 
aromatic and acid residues, the overall charge of the binders is negative). The only difference is in 
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the hydrophilicity, which tends to be higher in the very weak and weak binders compared to the 
non-binders.  

 

 

 

 


