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Investigation of the physical and genetic interactions between molecular chaperones and 

their clients 

Taylor Anne Arhar 

 

Abstract 

Molecular chaperones bind to misfolded proteins (“clients”) to protect them from aggregation and 

promote their folding. The following Chapters all focus on understanding how the protein-protein 

interactions (PPIs) between members of the molecular chaperone network and their client proteins 

regulate these processes. Specifically, I develop a functional genomic approach to explore which 

molecular chaperones are required for the stability of specific client proteins (Chapter 2) and use 

biophysical and biochemical approaches to probe how conserved amino acid sequences in the heat 

shock protein 70 (Hsp70) chaperone allow it to engage with two different classes of co-chaperones 

(Chapter 3). Together, these studies and recent literature reports suggest that weak interactions (i.e. 

micromolar) are critical to the molecular logic of chaperone-mediated folding.  
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Abstract 

Molecular chaperones have highly variable sequences, sizes and shapes, yet they all assist 

in the folding of proteins. In that role, the chaperones bind to the unfolded protein, limit its 

aggregation, and promote its proper folding. Recent studies, using both ATP-dependent and ATP-

independent chaperones, have begun to reveal the molecular mechanisms underlying this process. 

In Chapter 1, we review these advances, highlighting the similarities and differences between the 

mechanisms. One striking similarity is that the chaperones all bind weakly to their “client” 

proteins, such that the chaperone-client interactions are readily outcompeted by stronger, intra-

molecular contacts in the folded state. Thus, the relative affinity of these interactions seems to 

provide directionality to the folding process.  

 

Introduction 

The complex problem of protein folding has fascinated generations of scientists, as it has 

implications for a wide range of fields, including protein engineering, protein therapeutics, and the 

study of protein misfolding diseases. Pioneering work by Anfinsen demonstrated that a protein’s 

primary sequence typically contains the information needed to adopt the native state1. The forces 

that stabilize this native structure come primarily from favorable hydrophobic contacts, along with 

additional contributions from polar interactions (e.g. cation-p, H-bonds, etc.)2,3. However, in the 

crowded environment of the cell, high concentrations of biomolecules, along with other 

constraints, create non-ideal folding conditions. In this scenario, off-pathway processes, such as 

aggregation or misfolding, can become significant contributors. Here, the cell relies on a large 

class of proteins, the molecular chaperones, to monitor the folding process.  
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There are 100+ genes for molecular chaperones in the human genome. The resulting 

chaperone proteins encompass a variety of distinct sequences, sizes and shapes (Fig. 1.1a). Some 

chaperones, such as Spy of the bacterial periplasm and heat shock protein 27 (Hsp27) of the 

eukaryotic cytosol, are small (< 30 kDa). Others, such as Hsp70 and Hsp90, are larger and have 

the ability to hydrolyze ATP. Some, such as Tric/CCT and GroEL, form oligomeric structures that 

recruit co-chaperones into high molecular mass complexes. At the sequence level, there is no 

conservation amongst the different classes of chaperones; there is no “chaperone fold”. Rather, the 

categories of chaperones are wildly divergent in size, shape and sequence (Fig. 1.1a). Yet, despite 

these differences, the chaperones share a common function: they promote protein folding. For 

example, a commonly used hallmark of chaperone function is that they will promote the re-folding 

of denatured proteins in vitro4. In that process, the chaperone limits aggregation and promotes the 

restoration of the native state. It is common for multiple categories of chaperones work together 

during this process, engaging in protein-protein interactions (PPIs) with each other and with 

“client” proteins5–9. Remarkably, this ability to limit aggregation and promote folding is not 

restricted to any particular structural class of chaperone, nor is it a product of only chaperones with 

ATP hydrolysis activity (Fig 1.1b,c). Rather, there is something more fundamental about 

chaperones, not immediately apparent in their structure or sequence, that allows them to assist the 

protein folding process. 

How do chaperones work? Unifying features of how chaperones bind to their clients may 

suggest an answer. Most molecular chaperones bind their clients via weak, hydrophobic 

interactions. Indeed, compared to other protein-ligand or protein-protein interactions, chaperone-

client interactions are particularly weak and transient10. This transient type of PPI has a number of 

benefits. For example, the relatively poor shape complementarity of chaperone-client interactions 
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allows the chaperone to recognize a wide range of different clients11–13. Recent studies have 

suggested that this malleable surface might even assist in protein evolution14. However, there is 

another potential reason for the weak interactions between chaperones and clients. For the first 

time, the interactions between a handful of chaperones and unfolded clients have been studied 

structurally, and these studies are suggesting that a hierarchy of PPI affinities promotes folding. In 

this model, weak interactions between chaperone and client are readily out-competed by the 

stronger, intra-molecular driving forces of protein folding, such as hydrophobic collapse. In this 

way, despite the diversity in the structures of chaperones, the same biophysical principles might 

underlie a unifying mechanism. Here, we review the recent evidence for this model and compare 

the similarities and differences between how three different chaperone classes direct their clients 

to the native state.  

 

Spy: a chaperone surface that guides the folding trajectory 

The simplest types of chaperones are those that are small and lack ATPase activity. In these 

systems, PPIs and intramolecular contacts are finely tuned to promote flux towards the folded 

state. A number of factors determine the directionality of this flux, such as affinity to the native 

versus the unfolded state, and the strength of the intramolecular interactions that stabilize the native 

state. Furthermore, chaperone interactions with either native or non-native states must be weak to 

allow for client release. If the chaperone binds too tightly, then folding would become unfavorable 

because of the long-lived complex. The bacterial chaperone Spy has served as an excellent model 

for understanding these mechanisms. 

Spy is a 16-kDa, ATP-independent molecular chaperone of the prokaryotic periplasm that 

exists as a dimer in solution15,16. Like many molecular chaperones, Spy is promiscuous and binds 
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to a wide array of clients17. In addition, Spy has anti-aggregation properties and can inhibit amyloid 

formation in vitro and in vivo18. Spy’s client-binding site is a concave surface containing four 

hydrophobic regions surrounded by charged and polar residues19. As Spy’s client-binding site is 

flexible and amphiphilic, the client is able to sample conformational space while still bound to the 

chaperone. This flexibility simultaneously prevents the client from aggregating while allowing it 

to explore conformational space and achieve its native state. Despite destabilizing the Spy protein, 

mutations that increase flexibility within the client-binding site enhance Spy’s chaperoning 

capability20.  

Spy initially engages the unfolded client via electrostatic contacts facilitated by the charged 

residues lining the client-binding site’s periphery21. The chaperone-client complex is subsequently 

stabilized by interactions with the four hydrophobic patches making up the client-binding site’s 

interior surface. Once bound, the client is spatially compacted by Spy, reducing its conformational 

ensemble and promoting intramolecular interactions along the client folding trajectory22. Folding 

to the native state shields the hydrophobic core of the client protein, breaking hydrophobic contacts 

with Spy and destabilizing the chaperone-client complex (Fig. 1.2a). While electrostatic 

interactions provide the initial driving force for attraction of Spy to the unfolded client, they are 

incapable of maintaining the chaperone-client complex following client folding23. As such, the 

client is released from Spy upon folding to the native state. 

A hierarchy of interactions are critical to the mechanism by which Spy facilitates protein 

folding and subsequent client release. Similar to other ATP-independent bacterial chaperones, 

Spy’s affinity for the client decreases significantly once it folds to its native state (Kd = ~3 µM for 

unfolded Fyn SH3 domain vs. Kd = ~50 µM for native Fyn SH3 domain)24. As evidence for this 

model, mutations that increase hydrophobicity within the client-binding site increase affinity for 
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the unfolded client, enhancing Spy’s ability to prevent aggregation but slowing the overall rate of 

client folding. Moreover, these variants increase affinity for the unfolded client state such that they 

unfold natively folded clients upon binding (Fig. 1.2b)24. Such mutations are deleterious to fitness 

in vivo and are generally selected against by evolution, suggesting that this mechanism is important 

to function in cells. Conversely, increased electrostatic surface within the Spy client-binding site 

boosts anti-aggregation behavior of Spy seemingly without deleterious consequences to in vivo 

fitness24. These observations support the idea that electrostatic interactions are responsible for 

client engagement, while client release is dictated solely by hydrophobic collapse of the folded 

client. Generally speaking, these hierarchical low affinity interactions allow Spy to engage its 

various clients while still promoting directionality to the natively folded state. 

It has recently been demonstrated that the identity of the client itself can also greatly 

influence the affinity of the Spy-client PPI. Early studies of Spy-client interactions focused on 

small model proteins, such as Im7 and SH3, which bind Spy with low micromolar affinities24,25. 

In contrast, recent work has found that Spy binds relatively tightly (Kd ~ 0.35 µM) to a non-native 

state of apoflavodoxin, a topologically complex client.  This high affinity PPI is sufficient to inhibit 

folding, such that Spy is not able to act as a “foldase” chaperone; rather, it is only able to function 

as a “holdase” chaperone26. It is not yet clear whether this “holdase” role is important in the cell 

or whether collaboration with other “foldases” might be required for some Spy clients.   

 

Trigger factor: highly tuned interaction affinities allow a chaperone to assist in the first 

stages of nascent protein folding  

Trigger factor (TF) is a ribosome-associated chaperone in bacteria, and it assists in the 

earliest stages of protein folding by preventing co-translational aggregation. It has three major 
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domains: a ribosome-binding domain (RBD), a substrate-binding domain (SBD), and a peptidyl-

prolyl-cis/trans isomerase domain (PPD). TF interacts with nascent polypeptides via five 

hydrophobic regions on its surface; four of these sites are located on the SBD, and the fifth is on 

the PPD27. In the cytosol, TF exists as a dimer with a head-to-tail orientation (Fig. 1.3)28,29.  

Like Spy, TF is an ATP-independent chaperone. How does it direct clients to the native 

state? First, TF is recruited to actively translating ribosomes, known as ribosome-nacscent-chain 

(RNC) complexes. This selectivity for the RNC is achieved by high affinity for RNC complexes 

(Kd < 0.01 µM)30,31, compared to a much weaker affinity for the ribosome alone (reported Kd 

ranging from 0.14-1 µM)28,30,32,33. TF interacts with the ribosome as a monomer, and the high 

affinity for the RNC is expected to readily outcompete the weaker dimerization constant (Kd ~ 2 

µM)28,29,33. This high affinity and the high concentration of TF in the cytosol (~ 50 µM)34 ensures 

that translating ribosomes are nearly always bound by TF. 

As the nascent polypeptide elongates, TF can remain bound to the nascent chain by 

dissociating from the ribosome32. Compared to its high affinity to the RNC, monomeric TF has 

only a modest affinity to an unfolded client (Kd ~ 1-6 µM)28,33. This affinity and the high 

concentration of cytosolic TF results in strong competition between TF dimerization and client 

binding. Because many client-binding sites are occluded by dimerization, these PPIs sterically 

compete for sites on TF. When TF forms dimers in the cytosol, the nascent polypeptide is thereby 

released, giving the former TF client an opportunity to engage in intramolecular interactions and 

begin the folding process. Taken together, this hierarchy of weak PPIs directs TF to translating 

ribosomes, and then competition with dimerization results in release of nascent polypeptides for 

folding. Previous crystallographic and kinetic data has suggested that TF may also bind to small 

folded proteins or domains31,35; however, these findings contrast with recent NMR work 
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demonstrating that small proteins interact with TF in the unfolded state28. Yet, it is possible that 

different client proteins might engage with TF via different mechanisms or that the mechanisms 

could be different under certain circumstances.  

 

DnaK: preferential contacts with unfolded states allow a client to find its folded structure 

The heat shock protein 70 (Hsp70) family of chaperones is highly conserved and present 

in all levels of life, from bacteria to humans. They likely engage in the folding of most proteins 

within the cell, and thus are central members of the chaperone network12. Unlike Spy or TF, 

Hsp70s are ATPases that couple nucleotide state to their affinity for clients. The nucleotide-

binding domain (NBD) is responsible for binding to adenosine nucleotides, and it is connected to 

the substrate-binding domain (SBD) via an interdomain linker12. In the ATP-bound state, the lid 

region of the SBD is docked onto the NBD36,37. In contrast, the lid closes onto the rest of the SBD 

in the ADP state38–40. The Escherichia coli Hsp70, DnaK, has been studied extensively as a 

representative member of this family and structural studies have shown that large conformational 

changes in the SBD and NBD accompany nucleotide cycling41.  

How does DnaK direct its many, diverse clients along their folding trajectories? Early 

studies of Hsp70 clients hinted at this mechanism, by determining the preference for hydrophobic 

residues42. In combination with the shallow client-binding groove, leaving little room for 

secondary structure38–40 (Fig. 1.4a), these insights suggested that Hsp70 binds to hydrophobic 

stretches of unfolded clients. In order to examine this proposed mechanism in detail, more 

information was needed about the client state bound by Hsp70. Due to the transient and dynamic 

nature of Hsp70-client interactions, they have been extensively studied by NMR. These studies 

have taken advantage of a number of slow-folding model clients, allowing for the monitoring of 
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the distinct unfolded and folded populations. Investigation of the SH3-DnaK interaction revealed 

that DnaK uses a conformational selection mechanism to bind to the unfolded population of the 

client (Fig. 1.4b)43. This mechanism, in which the affinity of DnaK for the unfolded state 

significantly exceeds that for the native state, allows the folded population to remain untouched, 

and therefore directs flux through the pathway from the unfolded to the folded state (Fig. 1.4b).  

While the conformational selection mechanism ensures that DnaK does not unfold native 

proteins, how do cycles of binding and release direct clients toward the native state? In other words, 

what is the role of ATP hydrolysis? Unlike the Spy system, clients do not fold while bound to 

DnaK; the substrate-binding cleft in the DnaK SBD is too narrow to accommodate secondary 

structure. Instead, binding of clients to DnaK changes the energy landscape of folding (Fig. 1.4c). 

Using the model client, human telomere repeat binding factor (hTRF1), Sekhar et. al established 

that DnaK modifies the energy landscape of clients by preventing long-range, non-native 

interactions that might otherwise occur in the unfolded state44. Furthermore, DnaK is able to 

interact with extended sequences in a number of orientations45,46 and at distinct sites on the client47, 

resulting in a diversity of potential starting conformations for the client upon its release, allowing 

it to explore the conformational energy landscape47. These findings have recently been supported 

by studies of luciferase refolding, in which DnaK binding expands a compact folding intermediate 

of luciferase and thus rescues kinetically trapped intermediates (Fig. 1.4c)48.  

In this system, a multitude of weak, transient interactions are possible between DnaK and 

unfolded or intermediate states of the client47. By stabilizing clients in a globally unfolded state, 

DnaK binding can inhibit long-range non-native interaction, preventing the client from becoming 

too compact and allowing it to sample many intermediate conformations. Notably, on-pathway 

intermediates will quickly fold to the native state, engaging in favorable and high-affinity 
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intramolecular interactions, particularly within the hydrophobic core. These natively folded 

proteins have a relatively poor affinity for DnaK, providing the opportunity for conformational 

selection. Overall, by selectively interacting with unfolded and intermediate clients, DnaK alters 

the folding landscape and directs flux toward the native state. 

 

Putting it all together: folding mechanisms of three chaperones 

What are the similarities and differences in the different mechanisms of chaperone-

mediated folding by Spy, TF and DnaK? One key similarity is that they each prefer to bind the 

unfolded state(s) through hydrophobic contacts. Because hydrophobic residues are often confined 

to the interior of a native, folded state, this mechanism allows the chaperones to identify a 

potentially misfolded client by its exposed binding sites. Given the complete lack of sequence or 

structural homology between these three chaperones, it is striking that they all use a common 

“logic”. What happens after recognition of the client is different for the three chaperones. In Spy, 

folding occurs within the confines of the chaperone surface, and then the natively folded client is 

released. However, for TF and DnaK, interactions occur with extended regions. Here, the 

chaperone must be released from the client before folding can proceed. TF achieves this 

reversibility with a carefully tuned series of affinity constants (including a critical dimer-monomer 

transition), while DnaK uses conformational changes powered by ATP hydrolysis. Thus, there 

appears to be multiple driving forces that underlie client release. 
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HscB: coordinating final client release by coupling the folding process to co-factor 

installation  

While the study of individual chaperones can be critical for understanding folding 

mechanisms, often many chaperones work together to fold an individual protein client. For 

example, Hsp70 and Hsp90 chaperones have been demonstrated to collaborate to fold clients in 

both bacterial and human systems5,49–51. In these multicomponent systems, new considerations 

exist to ensure a stepwise handoff that moves clients toward the native state. Since multiple 

chaperones compete with each other for binding to clients, hierarchical affinities and recognition 

of distinct client states enable these competitive interactions to maintain directionality49. Perhaps 

one of best-studied multicomponent chaperone systems is the group of chaperones involved in 

iron-sulfur (Fe-S) cluster biogenesis and transfer to clients. 

Fe-S cluster synthesis is driven by a highly conserved pathway of machinery that can be 

broken down into two steps: biogenesis of Fe-S clusters, and transfer of clusters onto recipient 

client proteins. In bacteria, biogenesis is completed by IscS, a cysteine desulferase, and IscU, a 

scaffold protein. Cluster transfer is then facilitated by IscU, the Hsp70 homolog HscA, and the 

HscA co-chaperone HscB. HscB is a J-domain protein (JDP), which functions to stimulate the 

ATPase activity of HscA12,52. Together, these factors coordinate client folding with cluster 

installation in a stepwise cycle (Fig. 1.5a). During cluster biogenesis, the Fe-S cluster is formed 

on the scaffold protein IscU53. Cluster formation in turn causes a structural change of IscU to the 

S-state (structured), with which HscB preferentially interacts54–57. HscB and IscU-Fe-S then 

interact with HscA-ATP and the client protein, promoting ATP hydrolysis and transfer of the 

cluster onto the client58–60. Following ATP hydrolysis, the cluster dissociates, and IscU converts 
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to the D-state (disordered), which can then form new Fe-S clusters57. The cycle is then able to 

repeat, with new clusters forming on IscU. 

This entire cycle is driven by weak PPIs between the various components. For example, 

the Kd of apo-IscU and HscB is 9-13 µM58,61, 9 µM for apo-IscU and HscA-ADP62, and 37 µM 

for apo-IscU and HscA-ATP62. Additionally, there is a hierarchy to the weak PPIs: HscA shows 

preferential binding with the D-state of IscU, while HscB preferentially binds the S-state of IscU57. 

These interactions have functional roles as well; alone, IscU and HscB stimulate HscA by 3-10 

fold, but together, synergistically stimulate ATPase activity of HscA by 500-fold59. Furthermore, 

additional interactions with proteins in the Fe-S cluster biogenesis system play a role. For example, 

the cysteine desulferase IscS preferentially interacts with D-state IscU, promoting Fe-S cluster 

formation on IscU and interaction with HscB and HscA56. These weak interactions therefore allow 

the system to be dynamic, forming temporary interactions that promote chaperone activity and Fe-

S cluster transfer. 

The Fe-S cluster system is highly conserved, with similar systems existing in eukaryotes, 

including yeast and humans63–65. In these systems, it has been shown that IscU can still occupy the 

2 different S- and D-states, and has similar interactions with the JDP, Hsp70, and cysteine 

desulferase in the system66. Importantly, a few differences do exist. While bacteria have HscA, a 

specialized Hsp70, dedicated to Fe-S cluster transfer, humans do not67. Rather, the general, 

mitochondrial Hsp70 (mortalin, HSPA9) seems to be responsible for these functions. Additionally, 

bacterial and human HscB (sometimes referred to as Hsc20) are structurally similar, and both 

contain the consensus HPD motif in the J-domain63; however, human HscB contains a tetracysteine 

metal binding motif, of which the exact function is not understood68. Lastly, work by Maio et al. 
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on the human system found that HscB recognizes Fe-S cluster recipients through LYR motifs in 

client proteins69,70. 

These studies show the significant role that weak PPIs in chaperone systems have in Fe-S 

cluster formation and transfer. The weak PPIs allow for multiple binding partners, cycle 

progression and renewal, and eventual transfer of the cluster onto the appropriate recipient protein. 

Furthermore, it is the transfer and installation of the Fe-S cluster onto the client that acts as a 

dedicated step in folding, causing release of the client and directing it toward the native state (Fig. 

1.5b). Fe-S clusters are essential components of many fundamental proteins and enzymes, and it 

is therefore unsurprising that these systems are part of a tightly controlled and highly conserved 

set of machinery. Although this chaperone-client interaction pathway is among the best 

characterized, questions about the molecular mechanisms remain. Further work is necessary to 

elucidate the precise role of PPIs in how HscB recognizes client proteins, or how client proteins 

accept Fe-S clusters and how their conformations might change following cluster installation. 

Additionally, there are still gaps in our understanding of the differences between the human and 

bacterial systems, and PPIs likely have a role in defining these nuances. Nevertheless, these 

foundational studies establish how the described PPIs promote directionality towards client fate in 

the context of Fe-S cluster biogenesis and transfer. 

 

Other chaperones: similarities and many differences 

We have focused on recent structural studies on Spy, TF, DnaK and IscU to illustrate some 

similarities and differences in the ways that chaperones promote protein folding. However, much 

can be learned by exploring other classes of chaperones. Perhaps the best illustration of this 

diversity is in the GroEL/GroES chaperonin system. Briefly, GroEL forms a barrel-shaped 
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oligomer that encompasses a central chamber. Cycles of ATP hydrolysis and associated 

conformational changes have been revealed by structural studies, showing that clients enter this 

cavity, where they are shielded from aberrant contacts71,72. Yet other distinct mechanisms have 

been revealed by recent structures of Hsp90 in complex with clients73–76, as well as studies on other 

categories, such as Hsp2777–79, clusterin80,81, and Hsp11082. However, for many chaperone classes, 

the molecular details of how they promote client folding is not yet clear.  

 

Discussion 

Here, we have focused on recent evidence suggesting that molecular chaperones engage in 

weak, transient PPIs that direct clients toward the native state. These studies rely on elegant 

structural work, which has revealed the mechanisms of chaperone function in vitro. In the cell, 

these interactions and their affinities will be further tuned by cellular chaperone concentrations, 

which are dynamic and responsive to the cellular environment. For example, the concentrations of 

many molecular chaperones are increased when cells encounter stressful stimuli, such as high 

temperatures83. In addition, chaperones (and their clients) may also be post-translationally 

modified to quickly respond to changing cellular environments. These post-translational 

modifications (PTMs) have the potential to alter the affinities of chaperones for their clients or co-

chaperones, as has been demonstrated for small heat shock proteins (sHsps), Hsp70, and 

Hsp9077,84–87. Continued study of such PTMs will be crucial for understanding how PPI hierarchies 

are dynamically regulated to make “decisions” about client fates in the cell. 

The weak interactions with chaperones may also play roles beyond simply directing clients 

to the native state. While this review has focused on chaperone-mediated folding, hierarchical 

interactions likely lead clients toward other fates, such as degradation. For example, some clients 
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seem to be preferentially degraded by the ubiquitin-proteasome system when they remain bound 

to the Hsp70 complex for too long88,89, and a similar mechanism may underlie client degradation 

by Hsp90 complexes90,91. In addition to determining client fate, it’s possible that weak interactions 

between chaperones and clients have far-reaching consequences for the evolution of client 

sequences and folds. There is strong evidence that some chaperones, such as Hsp90, GroEL, and 

DnaK, can accelerate the rate of evolution of their clients14,92–94. Undoubtedly, the promiscuity and 

low affinity of these chaperone-client interactions allows chaperones to accommodate a changing 

and adaptable proteome. 

One goal of understanding chaperone-client interactions is to identify potential therapeutic 

approaches for the treatment of protein misfolding diseases95–97. Despite the elegant mechanisms 

that chaperones use to fold proteins, there are many diseases, including most neurodegenerative 

disorders, that are characterized by protein misfolding and aggregation. If we better understood 

the mechanisms of how chaperones bind and assist protein folding, maybe we could learn how to 

create therapies that mimic this activity? Chemical biology approaches have already produced 

chemical probes that have proven invaluable in teasing apart the molecular logic of the chaperone 

network10,98–100. We speculate that the knowledge of interaction hierarchies may unlock new ways 

of identifying and creating novel chemical probes that operate at these weak PPIs to modulate 

client fate. Such small molecule interventions could pave the way toward next-generation 

therapeutics for the regulation of disease-relevant client proteins.  



 16 

Figures  

 

Figure 1.1: Diverse molecular chaperones direct clients to the native state. (A) Comparison of 
four molecular chaperones that differ in size and shape, yet all function to promote client folding. 
(B,C) Two possible functions of molecular chaperones are to suppress aggregation and promote 
client folding. While some chaperones require ATP to perform these key functions (B), others 
are able to function independently of ATP (C). 
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Figure 1.2: Spy binds clients as they fold. (A) Spy binds to unfolded clients, which may then 
explore diverse conformations. Upon arrival at the native state, burial of hydrophobic residues 
decreases Spy’s affinity for the client and causes client release. (B) When Spy’s affinity for 
unfolded clients is increased by point mutations, this leads to unfolding of the native state and 
decreases the efficiency of folding. 

 

Figure 1.3: A hierarchy of PPIs directs trigger factor (TF) to chaperone and release nascent 
polypeptides. In the cytosol, TF exists in equilibrium between monomeric and dimeric states. 
Monomeric TF can interact with ribosomes, but its higher affinity for translating ribosomes 
allows TF to selectively chaperone nascent polypeptides. As translation continues, TF can 
remain bound to the polypeptide and eventually dissociate to repeat the cycle. 

Figure 2. Spy binds clients as they fold

A. Unfolded clients bind to Spy and are released upon folding

rate 
constants?

Hydrophobic 
burial

B. Mutations in Spy that increase affinity hinder folding

high affinity 
to unfolded 
state

Mutant Spy

unfolding of 
native state

Figure 2. Spy binds clients as they fold. (A) Spy binds to unfolded clients, which may then explore diverse conformations. Upon arrival at the 
native state, burial of hydrophobic residues decreases Spy's affinity for the client and causes client release. (B) When Spy's affinity for unfolded 
clients is increased by point mutations, this leads to unfolding of the native state and decreases the efficiency of folding.
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Figure 3. A hierarchy of PPIs directs trigger factor (TF) to chaperone and release nascent polypeptides. In the cytosol, TF exists in equilibrium 
between monomeric and dimeric states. Monomeric TF can interact with ribosomes, but its higher affinity for translating ribosomes allows TF to 
selectively chaperone nascent polypeptides. As translation continues, TF can remain bound to the polypeptide and eventually dissociate to repeat 
the cycle.
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Figure 1.4: DnaK directs clients to the native state by binding to the unfolded state and off-
pathway misfolded intermediates. (A) Crystal structure of DnaK SBD bound to model 
NRLLLTG peptide. (B) DnaK employs conformational selection to bind to the unfolded state, 
but not the native state, driving flux in the pathway toward the native state. (C) DnaK can bind to 
off-pathway intermediates, preventing long-range interactions and increasing the conversion to 
on-pathway intermediates. DnaK is also able to intervene at multiple other points in the folding 
landscape, such as at the unfolded state. 
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Figure 3. DnaK directs clients to the native state by binding to the unfolded state and off-pathway misfolded intermediates. (A) Crystal structure 
of DnaK SBD bound to model NRLLLTG peptide. (B) DnaK employs conformational selection to bind to the unfolded state, but not the native 
state, driving flux in the pathway toward the native state. (C) DnaK can bind to off-pathway intermediates, preventing long-range interactions and 
increasing the conversion to on-pathway intermediates. DnaK is also able to intervene at multiple other points in the folding landscape, such as 
at the unfolded state.
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Figure 1.5: Stepwise PPIs enable Fe-S cluster biogenesis and installation to promote client 
release. (A) The cycle of Fe-S biogenesis and transfer is depicted. 1, IscU exists in equilibrium 
between a structured state (S-state) and a disordered state (D-state). 2, the cysteine desulfurase 
IscS interacts with the D state of IscU. 3, assembly of the Fe-S cluster stabilizes the S state of 
IscU. 4, holo-IscU is transferred from IscS to HscB. 5, holo-IscU forms a ternary complex with 
HscB and HscA. 6, Fe-S cluster is transferred to the client protein, HscB is released, and HscA 
binds to the D state of IscU. 7, nucleotide exchange of HscA causes release of IscU. (B) Loading 
of the apo-client with the Fe-S cluster drives client release and folding. 
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Functional genomics screen identifies proteostasis targets that modulate Prion Protein 

(PrP) stability 
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Abstract  

Prion protein (PrP) adopts either a helical conformation (PrPC) or an alternative, beta sheet-

rich, misfolded conformation (PrPSc). The PrPSc form has the ability to “infect” PrPC and force it 

into the misfolded state. Accumulation of PrPSc is associated with a number of lethal 

neurodegenerative disorders, including Creutzfeldt-Jacob Disease (CJD). Knockout of PrPC 

protects cells and animals from PrPSc infection; thus, there is interest in identifying factors that 

regulate PrPC stability, with the therapeutic goal of reducing PrPC levels and limiting infection by 

PrPSc. Here, we assembled a short-hairpin RNA (shRNA) library composed of 25+ shRNA 

sequences for each of 133 protein homeostasis (aka proteostasis) factors, such as molecular 

chaperones and co-chaperones. This Proteostasis shRNA Library was used to identify regulators 

of PrPC stability in HEK293 Hu129M cells. Strikingly, the screen identified a number of Hsp70 

family members and their co-chaperones as putative targets. Indeed, a chemical pan-inhibitor of 

Hsp70s reduced PrPC levels and limited conversion to PrPSc in N2a cells. These results implicate 

specific proteostasis sub-networks, especially the Hsp70 system, as potential new targets for the 

treatment of CJD. More broadly, the Proteostasis shRNA Library might be a useful tool for asking 

which proteostasis factors are important for a given protein.  

 

Introduction 

Creutzfeldt-Jacob Disease (CJD) is a deadly neurodegenerative disease that is rapidly 

progressive and incurable1. CJD and other prion disorders are caused by conversion of prion 

protein (PrPC) into a misfolded conformer (PrPSc). The misfolded PrPSc accumulates as oligomeric 

aggregates and amyloid fibrils that have been linked to proteotoxicity and neuron loss2,3. The 

different “strains” of PrPSc, such as Rocky Mountain laboratory (RML), may represent partially 
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distinct mis-folding pathways4. Recent studies have suggested that other neurodegenerative 

disorders, such as tauopathies and synucleinopathies, might share features in common with CJD; 

specifically, the misfolded proteins “spread” to healthy cells and seed misfolding of native 

proteins5–7. Such observations have made the search for anti-prion strategies even more urgent, 

because ways of blocking prion-like propagation might be more widely applicable than previously 

imagined.  

PrPC is a helical, GPI-linked protein that is composed of a hydrophobic core and disordered 

octapeptide repeats8. PrPC is generated at ER-localized ribosomes and inserted into the ER lumen, 

where it is matured and subject to modification by N-glycosylation9. Addition of a GPI anchor and 

further maturation in the Golgi occurs prior to display of PrPC at the plasma membrane10. In cell 

culture, most PrPC resides in lipid rafts, while a small percentage (~2%) is also secreted into the 

cytoplasm and another minor population is abnormally inserted as a transmembrane protein11. In 

some heritable prion diseases, the percentage of these abnormally processed PrPC variants is 

increased, suggesting that mis-trafficking may be involved in pathology12. Cytoplasmic PrPC is 

degraded via the ubiquitin proteasome system (UPS), while PrPC at the plasma membrane is cycled 

through endosomes in a caveolae-mediated process13,14 and PrPC in endosomes is thought to be 

degraded by fusion with lysosomes13,15. Further, some PrPC is subject to retrograde transport and 

degradation through the proteasome via ER-associated degradation (ERAD)16. When any of these 

pathways are disrupted (e.g. by heritable mutations or aging) PrPC homeostasis can become 

imbalanced.  

Active production of PrPC is required for prion disease in mice17. Moreover, the survival 

of mice infected with prions is strongly correlated with the expression level of PrPC, such that mice 

with little PrPC are relatively immune to infection and mice over-expressing PrPC are highly 
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sensitive18. These results strongly suggest that one way to treat prion disease may be to reduce 

levels of PrPC19,20. Indeed, antisense oligonucleotides targeted against PrP mRNA have shown 

promise in extending the survival of prion-infected mice17,21. As an alternative to decreasing 

expression of PrPC, another attractive strategy is to accelerate PrPC degradation. When PrPC 

folding is slowed, it is recognized by ER-resident chaperones and its degradation is accelerated by 

ERAD22–24. Similarly, failure of any of the ER-Golgi checkpoints, such as the glycosylation 

machinery, promotes PrPC turnover23,25. Thus, there are robust protein quality control (PQC) 

pathways for degrading PrPC. While these findings are mechanistically informative, it isn’t yet 

clear what specific targets in the PQC pathways might serve as putative drug targets to promote 

turnover.  

Molecular chaperones are primarily responsible for the recognition of misfolded or 

damaged proteins26. The mammalian chaperone network is composed of ~180 chaperones and co-

chaperones that work together in dynamic, multi-protein complexes to guide “client” proteins, 

such as PrPC, through quality control and triage27. These chaperones include a large class of heat 

shock proteins, such as heat shock protein 70 (Hsp70), Hsp90, Hsp60, Hsp110 and Hsp2728, which 

are supported by co-chaperones, adapters and other related factors. The network of chaperones and 

co-chaperones is highly inter-connected through protein-protein interactions29 and it is 

characterized by both “general” factors (e.g. those that play housekeeping functions) and highly 

specialized components (e.g. co-chaperones that act as scaffolding factors to recruit chaperones 

into specific cellular tasks)30,31. For example, the Hsp70 sub-network is composed, in part, of up 

to 13 Hsp70 genes, >45 J-domain proteins (JDPs) and ~10 nucleotide exchange factors (NEFs), 

which enable this system the versatility to perform diverse functions. Indeed, JDPs have been well-
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studied in yeast for their specialized roles in regulating prion propagation and curing, where 

different prions and prion variants have distinct JDP requirements32–35.   

Previous studies have linked specific chaperones to PrP proteostasis. For example, multiple 

groups have shown that the ER-resident Hsp70 paralog BiP/HSPA5 is involved in regulation of 

PrPC retrotranslocation and degradation36–38. A few studies have also suggested that PrPC may be 

degraded through a mechanism dependent on cytoplasmic Hsp7039,40 and Hsp60/HSPD141. This 

link is also suggested by observations from animal models; for example, over-expression of the 

cytoplasmic paralog of Hsp70 protects against prion-related neurodegeneration in a fly model42 

and knockdown of Hsp70 has the opposite effect in mice43. Similarly, knockdown of HSPA13, a 

relatively under-studied Hsp70 paralog, is known to reduce RML PrPSc prion infection by 40%44, 

while over-expression of this chaperone reduces incubation time in mice45. Beyond Hsp70, more 

recent studies have shown a potential interaction of PrPC with other components of the proteostasis 

network, including TRiC/CCT46, Sti147 and the Hsp70 co-chaperones, DnaJA2 and DnaJB148,49. 

Given the known roles of chaperones in regulation of PrPC homeostasis, this class of 

proteins seems likely to include appealing drug targets. Indeed, treatment with a pharmacological 

inhibitor of FKBPs is known to cause degradation of PrPC, and Hsp90 inhibition is hypothesized 

to affect PrPC processing and conformation50,51. However, the chaperone network has not been 

systematically surveyed to identify which members may be the most valuable drug targets. To 

address this gap, we assembled an shRNA library targeting 133 chaperones and related factors, 

termed the Proteostasis shRNA Library. Using this collection and a flow cytometry-based selection 

approach, we identified chaperones that regulate cell-surface levels of PrPC in HEK293 cells 

expressing human 129M PrP. This screen identified benchmark chaperones, such as Hsp90 

(HSP90AA1) and Hsp70s (BiP/HSPA5, HSPA13), as well as unexpected factors, including co-
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chaperones of both Hsp70s and Hsp90s. Importantly, we also found that pharmacological 

inhibitors of Hsp70 reduced PrPC levels and limited PrPSc infectivity. Together, these results 

suggest that the proteostasis network contains putative drug targets for the treatment of prion 

diseases, such as CJD. More broadly, the Proteostasis shRNA Library might be a useful tool for 

asking which chaperones are important for a given “client” protein. 

 

Results 

Identification of proteostasis factors that regulate PrPC stability 

To identify proteostasis factors that regulate the stability of PrPC, we used an optimized 

design algorithm52 to assemble a library of 500 non-targeting, control shRNAs and 25 shRNA 

sequences for each of the 133 human chaperone ORFs, termed the Proteostasis shRNA Library. 

Recent work has shown how using large numbers of shRNA sequences can minimize off-target 

effects53. Using this approach, we focused on HEK293 Hu129M cells, which overexpress 

membrane-anchored PrPC with the 129M mutation, which is a risk factor for CJD54. Cells were 

lentivirally transduced with the shRNA library and the transduced cells were grown for 10 

doublings (Fig. 2.1a), ideally allowing sufficient time for both knockdown of the shRNA targets 

and also for PrPC turnover, based on pulse chase studies (Fig. 2.1b). Notably, the majority of 

shRNAs (~99%) were detected in the cell population, showing high coverage in the lentiviral 

infection (Fig. 2.1c). Using flow cytometry and an anti-PrP antibody, transduced cells were sorted 

into populations of low, medium, and high PrPC surface expression (Fig. 2.1a). Genomic DNA 

was isolated from the cells in each population, and shRNA-encoding constructs were PCR 

amplified from the genomic DNA. The frequencies of these shRNA-encoding constructs in each 
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population was determined by deep sequencing55. Hits were corrected for growth of the cells, to 

remove non-specific effects on viability.  

To identify regulators of PrPC stability, we then compared the frequencies of shRNAs from 

the High vs Low PrPC (Fig. 2.2a) and High vs Med PrPC (Fig. 2.2b) populations. The High vs 

Low comparison was expected to be more inclusive of factors involved in PrPC stability, while the 

High vs. Medium comparison was chosen to potentially highlight the most critical genes. This 

approach revealed proteostasis factors that, when knocked down, would either increase or decrease 

surface PrPC levels. Genes that were statistically significant hits (-Log10 P value > 2) are labeled 

in Fig. 2.2a and 2.2b. Amongst the identified genes were those that have previously been 

implicated in PrP proteostasis, including subunits of TRiC/CCT, Hsp60/HSPD1, and 

Hsp90/Hsp90AA141,46,50, confirming that benchmark genes could be identified using this 

approach. Strikingly, many of the other hit genes belong to the Hsp70 sub-network (orange points, 

Fig. 2.2a and 2.2b). Multiple members of the Hsp70 family cluster were identified, including 

representatives from both the ER (BiP/HSPA5, HYOU1) and cytoplasm (HSPA13). In addition, 

multiple Hsp70 co-chaperones, including HSPA4, DnaJB1, DnaJC3, and DnaJC6, were also 

identified, with DnaJC6 emerging as the strongest “hit”.  

To further emphasize hits that significantly increased or decreased PrPC, each gene was 

assigned a gene score (defined in Methods). To illustrate which sub-networks might be important 

for PrPC stability, we projected the gene scores from the High vs Low (Fig. 2.2c) and  High vs 

Med comparisons (Fig. 2.3d) onto a schematic map, in which members of specific chaperone 

families are clustered and lines between clusters indicate known protein-protein interactions. From 

this analysis, one striking observation is that most proteostasis factors, at least under these 

conditions, do not seem to be significantly involved in PrPC stability (white boxes, no phenotype). 
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However, given the possibility of false negatives, some regulators of PrPC stability may have gone 

undetected. In both comparisons, significant hits (denoted by bold, colored gene labels in Fig. 2.2c,  

Fig. 2.3d) were identified in the Hsp70 sub-network, the Hsp90 sub-network, and the chaperonins. 

Although a broad role for Hsp70s in PrPC homeostasis had been suggested, several of the specific 

factors identified here had not previously been implicated in PrP proteostasis; for example, the 

hypoxia-associated Hsp70 family member, HYOU1, and the JDP, DnaJC6 (Fig. 2.2c). Together, 

these findings implicate the Hsp70 systems, present in both the ER and cytoplasm, as being 

important for PrPC stability.  

Another strong hit identified by the screen was the Hsp90 co-chaperone Cdc37. Although 

Hsp90 has multiple co-chaperones, such as Aha1/AHSA1 and p23/PTGES3, their knockdown had 

little effect on PrPC surface expression (Fig. 2.2c) and only Cdc37 was a significant “hit”. Cdc37 

is selectively required for processing of kinases by the Hsp90 system56, so it is possible that this 

pair regulates a signaling pathway important for PrPC stability. It is also interesting that knockdown 

of Hsp90/HSP90AA1 and Cdc37 had opposing effects on PrPC surface expression, with the Hsp90 

increasing PrPC and Cdc37 decreasing it. The distinct phenotype of Cdc37 knockdown suggests 

that specifically targeting only the Cdc37-dependent functions of Hsp90, or the co-chaperone 

itself, could be a viable strategy for promoting PrPC turnover. Because Cdc37 is not yet validated, 

future studies will be necessary to validate this unique co-chaperone as a regulator of PrPC stability.  

Hsp70 inhibition reduces PrPC and PrPSc infectivity 

To explicitly probe whether this screen might identify putative drug targets, we focused on 

the Hsp70s. Briefly, the function of Hsp70s is dependent on ATPase activity that is promoted by 

interactions with NEFs and JDPs (Fig. 2.4). The small molecule JG-48 and its analogs are known 

to stall ATP cycling in Hsp70s by binding to an allosteric site that is conserved in both ER- and 
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cytoplasmic paralogs57–59 and “trapping” the ADP- state60 (Fig. 2.4a). Previous work demonstrated 

that stabilization of the client-bound state is associated with increased client turnover61. Thus, to 

test whether pan-inhibition of Hsp70s would reduce PrPC levels, HEK293 cells expressing human 

PrP tagged with mCherry were treated with JG-48 or a structurally similar, negative control (JG-

258)57. Indeed, we found that treatment with JG-48 reduced PrPC levels by >80%, with an EC50 

value of ~0.7 μM, while JG-258 was inactive. To assess whether pan-Hsp70 inhibition could 

decrease PrPSc propagation, we utilized prion-infected mouse neuroblastoma cells (ScN2a-cl3), 

which stably propagate PrPSc62,63. ScN2a-cl3 cells were incubated with the compounds for three 

days, and PrPSc levels were subsequently assessed by dot blot. Treatment with JG-48, but not JG-

258, suppressed PrPSc levels in ScN2a-cl3 cells (Fig. 2.4b). Encouragingly, JG-48 treatment 

resulted in limited cellular toxicity (Fig. 2.5). These results suggest a key role for Hsp70s in 

regulation of PrPC stability and, moreover, suggest that inhibiting Hsp70 could be a viable 

therapeutic strategy.  

 

Discussion 

PrPC is a required factor for the pathogenesis of prion diseases, such as CJD. While 

pharmacological efforts to develop treatments have focused on extending the lifespan of mice 

infected with PrPSc, fewer strategies have emerged to regulate PrPC itself64. Here, we specifically 

asked which proteostasis factors might be particularly promising targets for reducing PrPC 

stability, increasing its turnover, or blocking its trafficking. We expected to identify numerous 

possibilities, given that PrPC has been shown to engage with many individual molecular 

chaperones38,41,46,48,49,65. However, we wanted to take advantage of advances in next-generation, 

shRNA-based screening to survey a broad set of factors in the network (133 genes). 
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The screen identified both known and novel regulators of PrPC, thus highlighting a subset 

of chaperones as potential therapeutic targets for prion disease. This list included both benchmark 

factors, such as Hsp70s and Hsp90, and unexpected ones, such as multiple JDPs and Cdc37. Since 

numerous genes in the Hsp70 system were identified, an important next step was to validate this 

subnetwork using chemical inhibitors. We found that a pan-inhibitor of Hsp70s reduced PrPC 

stability and limited PrPSc infection in N2a cells. Thus, Hsp70s may be a viable drug target class 

for prion diseases. Importantly, we envision that the interactions of Hsp70s with PrPC might be 

both direct (e.g. binding to PrPC) and indirect (e.g. broadly remodeling proteostasis). Future efforts 

should focus on pharmacological inhibition of other identified targets, such as TRiC/CCT and 

Hsp60/HSPD1. The co-chaperones, such as Cdc37 and DnaJC6, might also serve as selectivity 

adapters and could be particularly interesting drug targets. 

Finally, we propose that shRNA or CRISPRa/i screens, focused on proteostasis factors, 

will continue to be useful in mapping the reliance of individual “client” proteins on specific 

chaperones and co-chaperones in mammalian cells. It seems likely that each client may be 

regulated by a partially distinct sub-set of proteostasis factors. In the future, the flow cytometry 

approach outlined here could be used to study other soluble and membrane proteins, such as CFTR. 

From those results, sub-networks that are relatively client-specific could emerge. However, as 

mentioned above, it is likely that these shRNA screens include false positives and negatives. 

Therefore, validation studies and supplemental CRISPRa/i sceening will be needed to more 

comprehensively map the reliance of a client on individual proteostasis factors. Despite these 

drawbacks, the Proteostasis shRNA Library has the advantage that dCas9 does not need to be 

stably expressed in the cell population, making it more versatile for use across multiple cell lines.  
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Methods 

Reagents and antibodies 

PrPSc was detected with the D13 antibody66, and PrPC was detected using Rabbit anti-PrP (Abcam 

ab703). Secondary antibodies included Goat anti-Human IgG F(ab’)2 conjugated to HRP (Thermo 

Scientific 31482) and Goat anti-Rabbit IgG (H+L) conjugated to HRP (Anaspec AS-28177). The 

chaperone shRNA library was cloned into the lentiviral backbone plasmid, pMK1275, which is a 

next-generation shRNA expression vector52 with an EF1a promoter and a tagBFP marker. The 

mCherry-PrP plasmid was provided by Tagan Griffin (UCSF). 

Cell culture 

ScN2a-cl3 cells, prion-infected mouse neuroblastoma cells expressing high levels of PrP63, were 

cultured in DMEM supplemented with 1% GlutaMAX, 100 units pen-strep and 10% FBS. ScN2a-

cl3 cells were generated by infecting N2a-cl3 cells with the Rocky Mountain Laboratory (RML) 

strain of mouse scrapie prions as previously described62. HEK293 Hu129M cells were cultured in 

Eagle’s Minimal Essential Medium supplemented with 10% FBS. 

Lentiviral production and infection 

Lentiviruses were transfected into HEK293T cells using Lipofectamine 2000 (Invitrogen 

11668019) and packaging plasmids pMol, pRSV, and pVSV-g. Viral particles were formed for 48 

hours post transfection, and then the viral supernatant was collected, passed through a 0.45 μm 

filter, and stored at 4 °C for no longer than one week prior to use. Viral supernatant was added to 

suspended cells immediately following trypsinization, along with 8 μg/mL polybrene (Santa Cruz 

sc-134220). After 6-8 hours, the medium was replaced with regular growth medium. Two days 

after viral transfection, 1 μg/ml of puromycin (Gibco A11138-03)  was supplemented for 48 hours 

to select for cells that were infected with the lentiviral plasmids. Flow cytometry was used to 
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determine infection and selection efficiency via the expression of fluorescent markers encoded by 

the lentiviral vectors. 

Pooled shRNA screen 

Lentivirus was prepared as described above of the pooled shRNA library and used to infect the 

HEK293 Hu129M cells. Cells were initially infected at ~50-60% efficiency, monitored by BFP 

intensity, and then were further selected with puromycin to ~100%. After growth for ~10 passages, 

cells were sorted via flow cytometry into high, medium, and low PrPC expression populations 

using a labeled PrPC antibody. Expression of a control protein, Doppel, was monitored using a 

labeled antibody. Each cell population was collected and stored at -80 °C until genomic DNA was 

isolated for sequencing. Gene scores were defined as the product between the phenotype and -

log10(P value). 

Genomic DNA isolation, indexing and PCR purification 

Genomic DNA was extracted using MN NucleoSpin® Blood Kit (Macherey-Nagel 740951) for 

~4-6 million cells per sample. Whole genomic DNA samples were carried forward into indexing 

PCRs using Q5® High-Fidelity polymerase (New England BioLabs M0492S). PCR amplified, and 

indexed, fragments of approximately 280 bp were purified by a two-step SPRI bead purification67, 

and concentrations were determined on a Qubit Fluorometer before pooling for deep sequencing 

on a HiSeq 4000. 

Pulse chase 

HEK293 cells expressing human PrP tagged with mCherry (between the N-terminal domain and 

the core domain) were treated with 50 μM cycloheximide at t = 0. Cells were lysed at 6, 24, and 

28 hours post cycloheximide treatment. PrPC levels were determined by Western blot. Results are 

the average of experiments performed in triplicate. Error is SEM. 
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Pharmacological inhibition of Hsp70  

To test for effects on PrPC levels, HEK293 cells expressing human PrP tagged with mCherry 

(between the N-terminal domain and the core domain) were treated with a concentration series of 

each compound for 24 hours. PrPC levels were assessed by dot blot. To assess the effect on PrPSc, 

RML-infected mouse neuroblastoma cells (ScN2a-cl3) were treated with a concentration gradient 

of each compound for 3 days. Cells were lysed and treated to isolate prion only. PrPSc levels were 

assessed by dot blot. 

Dot blot 

Cells were lysed in lysis buffer (10 mM Tris HCl, pH-8, 150 mM NaCl, FW 58.44, 0.5% sodium 

deoxycholate, 0.5% NP-40) supplemented with 7.5 U/mL Benzonase (Novagen, EMD 

BioSciences Cat# 7074), and were incubated in a shaker 37oC incubator for 60 minutes. For 

infected ScN2a-cl3 cells, PrPSc was isolated from lysate by digesting with Proteinase K (Invitrogen 

Cat# 25530-015) at a final concentration of 25µg/mL for 60 minutes in a shaker 37oC incubator. 

Proteinase K digestion was stopped by adding PMSF to a final concentration of 3.3 mM. Isolated 

PrPSc was denatured by adding Guanidine Isothiocyanate (Sigma-Aldrich G6639-250G) to a final 

concentration of 1.25 M, and samples were allowed to incubate at 37oC. Samples were spotted 

onto nitrocellulose membranes, which were then blocked in 5% milk in TBST for two hours at 

RT. Membranes were incubated with primary D13 antibody (1:5000) overnight at 4 oC, washed, 

and then incubated with goat anti-human secondary antibody (1:5000) for 30-60 minutes. 

Membranes were developed using Fempto ECL kit. 

Cell viability assays 

Cell viability post-treatment with Hsp70 inhibitors was determined by the CellTiter-Glo 

Luminescent Cell Viability Assay, as previously described. Briefly, treated cells were equilibrated 
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to room temperature for 30 minutes, and then CellTiter-Glo Reagent was added at a volume equal 

to the culture volume. After mixing for 2 minutes and incubating the plate at room temperature for 

10 minutes, luminescence was measured on a Molecular Devices SpectraMax M5 plate reader.  
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Figures 

 

Figure 2.1: Design of an shRNA screen to identify proteostasis regulators of PrPC stability. (A) 
Schematic for the flow cytometry-based screen. HEK293 cells expressing human 129M PrP are 
transduced with the Proteostasis shRNA Library, grown for 10 doublings, sorted for PrPC 
surface expression (high, med, low), and sequenced. (B) Pulse chase study establishes the 
lifetime of PrPC. HEK293 cells expressing mCherry-tagged human 129M PrP were treated with 
50µM cycloheximide at t = 0, and cells were lysed at 6, 24, and 48 hours post-treatment. Results 
are the average of experiments performed in triplicate. Error is SEM. (C) Expression tests of the 
Proteostasis shRNA library suggest high coverage in the lentiviral infection, with ~99% of 
shRNAs expressed. 
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Figure 2.2: shRNA screen reveals proteostasis regulators of PrPC. Genes that affect cell surface 
levels of PrPC were compared between High and Low expression groups, and High and Medium 
expression groups. (A,B) Volcano plots showing knockdown effects (increase or decrease in 
surface PrP levels) and statistical significance of genes in the shRNA library. Genes that are 
significant hits (-Log10 P value > 2.0) are labeled, with orange points representing significant 
Hsp70s and their co-chaperones. The remainder of the genes targeted by the shRNA library are 
unlabeled and colored black. (C) Genes targeted by the Proteostasis shRNA library are grouped 
by their chaperone class. Physical protein-protein interactions (PPIs) between these classes, or 
between individual members of these classes, are denoted by black lines and dotted lines, 
respectively. By comparing High and Low populations, genes are scored according to the 
product of their phenotype and -Log10 P value. Statistically significant genes that also have a 
high gene score (|gene score| > 1) are labeled in bold/italics and colored by their phenotype. 
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Figure 2.3: (A) Scatter plots of the frequencies of cells expressing different shRNAs in High, 
Medium, or Low PrP expression groups. Dots representing each shRNA in the library are 
colored according to their phenotype, with enrichment in the High PrP population depicted in 
blue and enrichment in either the Medium or Low populations depicted in red. Non-targeting 
shRNA controls are colored grey. (B,C) Volcano plots showing knockdown effects (increase or 
decrease in surface PrP levels) and statistical significance of genes in the shRNA library. Orange 
points represent genes targeted by the Proteostasis shRNA library, while grey points represent 
non-targeting shRNA controls. (D) Genes targeted by the Proteostasis shRNA library are 
grouped by their chaperone class. Physical protein-protein interactions (PPIs) between these 
classes, or between individual members of these classes, are denoted by black lines and dotted 
lines, respectively. By comparing High and Med populations, genes are scored according to the 
product of their phenotype and -Log10 P value. Statistically significant genes that also have a 
high gene score (|gene score| > 1) are labeled in bold/italics and colored by their phenotype. 
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Figure 2.4: Hsp70 inhibition reduces PrPC and PrPSc infectivity. (A) Schematic of Hsp70 ATP 
cycling, which regulates binding to clients, like PrP. Hsp70 co-chaperones, such as Hsp40s/JDPs 
and NEFs, impart selectivity and increase Hsp70 activity. Genes from these classes (Hsp70, 
Hsp40) were identified as regulators of PrP stability, and are listed by class. (B) JG-48 decreased 
PrPC levels in HEK 293 cells expressing mCherry-tagged Hu129M PrP, and decreased PrPSc 
propagation in ScN2a-cl3 cells. PrPC and PrPSc levels were assessed by dot blot, and results are 
the average of three independent experiments, each performed in quadruplicate. Error is SEM. 
The chemical structures of tested Hsp70 inhibitors are shown. CV, cell viability. 

 

Figure 2.5: JG-48 toxicity in ScN2a-cl3 cells. (A) Cell viability was determined after 72 hours 
of treatment with JG-48. Notably, treatment with all but the highest tested concentration resulted 
in cell viability at 90% or higher of the DMSO control. 
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Abstract 

Molecular chaperones regulate the folding, trafficking, and turnover of “client” proteins. 

The heat shock protein 70 (Hsp70) is a major hub in this chaperone network, interacting with a 

majority of the proteome to direct clients to diverse fates. Hsp70 achieves such functional diversity 

by engaging in protein-protein interactions (PPIs) with co-chaperones; these co-chaperones often 

compete with each other for binding to conserved sites on Hsp70. One such site is the C-terminal 

EEVD motif, which interacts with tetratricopeptide repeat (TPR) domain co-chaperones, such as 

the E3 ubiquitin ligase CHIP. Interestingly, the EEVD motif can also interact with the C-terminal 

domain (CTD) of the J-domain proteins (JDPs), another class of Hsp70 co-chaperones. While the 

molecular determinants of the EEVD-CHIP interaction are clear, it is not known what residues 

contribute to EEVD-JDP binding.  Using a series of peptides, we found that a model JDP, DnaJB4, 

bound to the IEEVD motif of Hsp70, but not the MEEVD motif of Hsp90, suggesting a key role 

for the P5 isoleucine. Indeed, mutations at this position revealed that only some hydrophobic and 

aromatic residues are allowed at this position. Truncations and mutational analyses further 

revealed additional, important roles for the C-terminal carboxylate and total peptide length. 

Together, these results suggest that binding to CHIP and DnaJB4 depends on partially distinct 

residues of the EEVD motif, suggesting that this motif has evolved to support diverse, yet sterically 

competitive PPIs.  

 

Introduction 

Molecular chaperones play a critical role in maintaining cellular proteostasis, functioning 

in diverse processes such as protein folding, translocation, complex formation, and degradation1. 

A central member of the chaperone network is the heat shock protein 70 (Hsp70), which interacts 
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with a majority of the proteome to perform diverse functions. Hsp70 is an ATPase enzyme, 

composed of a nucleotide binding domain (NBD), a substrate binding domain (SBD), and a C-

terminal unstructured region terminating in an EEVD motif2 (Fig. 3.1a). The nucleotide-binding 

state of Hsp70 is tightly linked to its ability to bind “client” proteins. In the ATP-bound state, the 

SBD exists in an open conformation, permitting very high rates of association and dissociation 

with clients. Upon ATP hydrolysis, the SBD undergoes a conformational change; in this state, the 

alpha-helical lid docks onto the rest of the SBD to enclose the client-binding site, which 

dramatically decreases the dissociation rate of bound clients. Exchange of ADP for ATP resets the 

cycle and releases the client2. Through successive rounds of client binding and release, Hsp70 

functions to prevent aggregation and promote folding. In addition to these two fundamental 

functions, Hsp70 can also perform client refolding, disaggregation, degradation, and 

assembly/disassembly of protein complexes. 

The diversity of clients and functions engaged by Hsp70 is imparted by its co-chaperones, such 

as J-domain proteins (JDPs), nucleotide exchange factors (NEFs), and tetratricopeptide repeat 

(TPR) domain co-chaperones. Some of these co-chaperones, like NEFs, function to promote 

Hsp70 ATPase cycling, while others act as adaptor proteins, connecting Hsp70 to clients or other 

effector proteins. Co-chaperones achieve this by participating in direct protein-protein interactions 

(PPIs) with Hsp70, allowing the entirety of the chaperone network to be physically linked. 

Multiple sites on Hsp70 are utilized for PPIs; often, different classes of co-chaperones bind to 

distinct sites on Hsp703,4. 

A major site of Hsp70 protein-protein interactions is the C-terminal EEVD motif. 

Tetratricopeptide repeat (TPR) co-chaperones use their TPR domains to bind this motif, 

functioning to connect Hsp70 to different members of the chaperone network or direct clients to 
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distinct fates5. This class of co-chaperones has diverse functions, from peptidyl-prolyl 

isomerization (FKBPs) and scaffolding of PPIs (HOP) to ubiquitination of clients (CHIP)3. The 

functional importance of these diverse EEVD co-chaperone interactions was suggested by early 

genetics studies, which showed that C-terminal mutants or truncations of Hsp70s are defective in 

multiple functions6,7. 

Interestingly, a C-terminal EEVD motif is also present in Hsp90, another central and 

ubiquitous molecular chaperone. Some TPR co-chaperones display selectivity for the Hsp90 C-

terminal sequence, such as the FKBP51 and FKBP528. Although the EEVD motif is highly 

conserved, recent work has revealed that the Hsp70 and Hsp90 EEVD motifs are sub-optimal for 

binding to the TPR co-chaperone CHIP9. These findings suggest that different TPR co-chaperones 

may rely on distinct molecular features of the EEVD motif.  

While TPR co-chaperones are the most well-characterized EEVD interactors, JDPs have also 

been demonstrated to interact with the EEVD motif of Hsp7010–13. JDPs are co-chaperones of the 

Hsp70 system, responsible for stimulation of Hsp70 ATPase and preselection of clients2,14. 

Traditionally, JDPs are composed of a J-domain (JD), two beta-barrel domains called C-terminal 

domains I and II (CTDI/CTDII), and a dimerization domain (DD) (Fig. 3.1a). JDPs canonically 

interact with the interdomain linker of Hsp70 via their conserved HPD motif in the J-domain. This 

interaction is responsible for the stimulation of Hsp70 ATPase activity2,14–16. JDPs use CTDI and 

CTDII to interact with prospective Hsp70 clients11,13,17–19. Because of this preselection mechanism, 

JDPs generally are similar to Hsp70 in their weak interactions with clients and preference for 

hydrophobic sequences20,21. 

In addition to the canonical interaction, some JDPs use CTDI to participate in a secondary 

protein-protein interaction with the EEVD motif of Hsp70 (Fig. 3.1b)11,13,22–24. Like other JDP 
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PPIs, this is a weak interaction, on the order of 10-50 µM11,12,24. When the JDP-EEVD interaction 

is impaired, either by single point mutations of the JDP or truncations of Hsp70, client folding is 

inhibited by reducing folding rate and yield6,11,24–26. Recently, the JDP-EEVD interaction has been 

demonstrated to relieve JDP autoinhibition and promote the disaggregation of clients by Hsp7024.  

Curiously, both sites of the JDP-EEVD PPI engage in other, different PPIs: JDP CTDs interact 

with clients, and the EEVD motif interacts with TPR co-chaperones. How are these distinct PPIs 

achieved through such conserved sites? Significant work has been done to identify both the site 

and residues on the JDP CTDI that contribute to binding of the EEVD motif and functional 

activation11,13,22,24–26. Although the CTDs preferentially bind to linear hydrophobic sequences in 

client proteins11,20, some conserved cationic residues enable interaction with the EEVD motif11,25. 

However, less is understood about the features of the EEVD motif that enable its interaction with 

JDPs. Here we endeavored to characterize the determinants of the JDP-EEVD interaction, utilizing 

the model JDP DnaJB4. We found that DnaJB4 has sequence requirements for the EEVD motif 

which are distinct from those required by the E3 ubiquitin ligase CHIP, enabling this conserved 

motif to encode divergent PPIs. 

 

Results 

DnaJB4 shows selectivity for the Hsp70 EEVD motif 

Structural studies have established that a human JDP, DnaJB1, interacts with the EEVD 

motif11,13,24. In this study, a different human JDP, DnaJB4, was chosen as a model JDP to study 

the JDP-EEVD interaction. Notably, DnaJB4 is structurally homologous to DnaJB1, and charge 

conservation is observed for key cationic residues in the EEVD binding site (Fig. 3.2). To study 

the interaction between JDPs and the Hsp70 EEVD motif, we developed a fluorescence 
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polarization (FP) assay, monitoring the interaction of DnaJB4 with a fluorescently labeled 10mer 

peptide corresponding to the C-terminus of Hsp72 (Fig. 3.3b, 3.4). Observation of this protein-

peptide interaction required low salt concentrations (see Methods), suggesting that this interaction 

is heavily reliant upon polar interactions. Interaction with the peptide resulted in a shift in thermal 

stability, measured by differential scanning fluorimetry (DSF) (Fig. 3.3c). DnaJB4 showed 

selectivity for Hsp70 C-termini over Hsp90 C-termini by competition FP (Fig. 3.3d). Previous 

studies have found that the residue immediately N-terminal to the EEVD motif can determine 

preferences of TPR co-chaperones for Hsp70 versus Hsp905,8. Notably, this residue is the first 

sequence divergent residue between the Hsp70 and Hsp90 termini, existing as either isoleucine or 

methionine (Fig. 3.3a). To test whether JDPs binding may also be determined by this residue, we 

used a chimeric peptide in which the Hsp70 isoleucine was replaced with methionine. This 

chimeric peptide was unable to bind to DnaJB4, indicating that the substitution was sufficient to 

abrogate binding (Fig. 3.3e). This finding suggested that EEVD selectivity for JDPs, like TPR co-

chaperones, may be guided by the isoleucine/methionine position. 

Determinants of the JDP-EEVD interaction 

To further investigate the determinants of this interaction, the Hsp72 10mer peptide was 

truncated from the N-terminus to generate peptides of decreasing length. When these peptides were 

assessed by competition FP, potent competition required a minimum of seven residues (Fig. 3.5b). 

Having identified the P1-P7 residues as critical, we then used alanine scanning to assess the relative 

contribution of each residue to binding (Fig. 3.5c). Notably, loss of isoleucine at the P5 position 

nearly ablated binding, as was observed for the P5 chimeric peptide, indicating that the isoleucine 

may play a key role in the protein-peptide interaction. The isoleucine is predicted to bind in a 

hydrophobic pocket along the CTDI binding groove (Fig. 3.1c). Interestingly, the identity of the 
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P1 residue seemed to have little effect on the protein-peptide interaction. To investigate the role of 

the peptide’s C-terminal carboxylate group, we compared to an identical peptide with an amidated 

C-terminus (Fig. 3.5d). Amidation drastically reduced binding, suggesting that the free C-terminus 

is a second critical feature of this interaction. 

Given the important role of the P5 isoleucine, we wanted to explore all possible residues 

at the P5 position (Fig. 3.6). Strikingly, no residues were able to surpass the wild type isoleucine 

in affinity. Those best able to rescue binding were hydrophobic and aromatic residues (Fig. 3.6a), 

while charged and polar residues were strongly disfavored (Fig. 3.6b,c). This finding is consistent 

with the P5 residue being buried in a hydrophobic pocket of CTDI, and suggests that the JDP-

EEVD interaction may be more optimized at this site than other EEVD-TPR co-chaperone 

interactions9. 

Hsc70 interacts with DnaJB4 independently of the J-domain 

Because the C-terminus of Hsp70 is only one of its sites of interaction with JDPs, we next 

sought to study the EEVD motif in the context of the entire protein-protein interaction. We found 

that full length Hsc70 potently competed with the 10mer FP probe for binding to DnaJB4. Indeed, 

Hsc70 was significantly more potent that the WT Hsp72 10mer peptide (Fig. 3.7a,b). One possible 

reason for this increased affinity is the existence of a second, canonical PPI between the JD of 

DnaJB4 and the interdomain linker of Hsc70. If the canonical interaction scaffolded the CTDI-

EEVD interaction, this could increase the apparent affinity of the CTDI-EEVD interaction. To 

assess the role of the JD-interdomain linker PPI, we utilized a construct of DnaJB1 lacking its JD 

and G/F linker region, termed DnaJB1 CTDs. Surprisingly, Hsc70 competition with the FP probe 

was not impaired for the DnaJB1 CTDs, indicating that the presence of the JD is not required for 

a high-affinity JDP-EEVD interaction (Fig. 3.7c,d). The potency of this PPI was also independent 
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of nucleotide state of Hsc70 (Fig. 3.7e). Future studies will be required to uncover the features of 

full-length Hsc70 that make it a more potent binder than the 10mer peptide. Furthermore, 

generation of Hsp72 point mutants (I637A and D641A) will enable us to assess the roles of the P1 

and P5 residues in the full-length PPI. 

DnaJB4 and the TPR co-chaperone CHIP rely on distinct residues to bind the EEVD motif 

CHIP is just one of the TPR co-chaperones that competes with JDPs for binding to the 

EEVD motif of Hsp70 (Fig. 3.8a). Previous work has identified the P1 aspartate residue as a key 

feature of Hsp70’s interaction with the TPR co-chaperone CHIP9. However, the results of our 

alanine scan suggest that the P1 aspartate is dispensable in the JDP-EEVD interaction. This 

divergence between JDP and TPR co-chaperones suggests that Hsp70 may rely on distinct residues 

and molecular features to engage in these sterically competing protein-protein interactions. To 

explicitly test this, we assessed CHIP’s ability to bind to the amidated wild type 10mer peptide 

and the P1-P7 alanine scan peptides (Fig. 3.8b,c). As predicted, loss of the P1 aspartate and the 

free C-terminal carboxylate ablated CHIP binding. Additionally, binding was significantly 

decreased without the P2 valine. These results are in striking contrast to the relative indifference 

of DnaJB4 to the P1 and P2 positions. However, CHIP also exhibited a similar reliance upon the 

P5 isoleucine, suggesting that DnaJB4 and CHIP do not have entirely divergent sequence 

preferences. Together, the data suggest that some chemical features of the EEVD motif, like the 

C-terminal carboxylate, may be broadly important for PPIs with Hsp70, while others, such as the 

P1 aspartate, scaffold specific PPIs with co-chaperones (Fig. 3.8d). 
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Discussion 

 Although it’s a highly conserved enzyme, Hsp70 has evolved to interact with a large, 

diverse suite of co-chaperones. Given the number and diversity of PPIs engaged by Hsp70, most 

of the surface of Hsp70 is used for sterically competing PPIs. For example, many NEFs interact 

with different but overlapping sites on the NBD of Hsp703,4. Intriguingly, the EEVD motif has 

emerged as a site of interaction for two distinct classes of co-chaperones: JDPs and TPR co-

chaperones. This work begins to identify the features of the EEVD motif that enable such diverse 

PPIs. However, it is likely that regions outside of the EEVD motif also contribute, particularly in 

the case of JDPs. Further studies will be necessary to isolate these sites and their contributions to 

binding. 

 The molecular details of the JDP-Hsp70 interaction are still being unearthed. Given that 

the JDP-EEVD interaction functions to regulate JDP autoinhibition24,25, future work is needed to 

understand the correlation between binding affinity and the release of autoinhibition. The EEVD 

motif has also been demonstrated to compete with clients for binding to the CTDs11. The conditions 

under which such competition arises, which clients engage in these competitive interactions, and 

their functional implications are not yet clearly defined. While the work described here does not 

focus on JDP-client interactions, the insights gained into CTDI binding specificity may provide a 

foundation for future studies of client interactions. Furthermore, the work presented here may 

enable the future discovery or development of higher affinity peptide and/or small molecules 

probes for the JDP CTDI. The development of such probes could rapidly accelerate our 

understanding of the function of the JDP-EEVD interaction, its competition with clients, and the 

allosteric release of JDP autoinhibition.  
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Methods 

Plasmids 

Human DnaJB1, DnaJB4, Hsc70, and CHIP were expressed from a pMCSG7 vector with an N-

terminal His tag and TEV cleavage site.  

Protein expression and purification 

JDPs: DnaJB1 and DnaJB4 were expressed in E. coli Rosetta cells (Novagen). Liter cultures of 

terrific broth were grown at 37°C until OD600 reached 0.8. Cultures were cooled to 18°C and 

induced with isopropyl beta-D-1-thiogalactopyranoside (IPTG, final concentration of 500 µM). 

Cultures were then grown overnight at 18°C. Cell pellets were resuspended in His binding buffer 

[50 mM Tris, 10 mM imidazole, 750 mM NaCl (pH 8)], supplemented with protease inhibitors. 

Cells were lysed by sonication and pelleted by centrifugation, and the supernatant was applied to 

HisPur Ni-NTA Resin (Thermo Fisher Scientific 88223). The resin was washed with His binding 

buffer, followed by His wash buffer 1 [50 mM Tris, 30 mM imidazole, 750 mM NaCl, 3% EtOH 

(pH 8)] and His wash buffer 2 [50 mM Tris, 30 mM imidazole, 100 mM NaCl, 3% EtOH (pH8)] 

supplemented with 1 mM ADP. The protein was eluted in His elution buffer [50 mM Tris, 300 

mM imidazole, 300 mM NaCl (pH8)]. Eluent was supplemented with 1 mM DTT and TEV 

protease to remove N-terminal His tag, and cleavage was allowed to proceed overnight at 4°C. 

The protein was buffer exchanged into His binding buffer and applied to Ni-NTA His-Bind Resin 

to remove His-tagged TEV protease. The protein was further purified by size exclusion 

chromatography (Superdex 200) in a 50 mM Tris, 300 mM NaCl buffer (pH 8).  

DnaJB1 CTDs: DnaJB1 CTDs was generously supplied by the Rosenzweig lab. The DJB1 CTDs 

construct was expressed and purified as previously described24. The protein was purified via IMAC 

(Nickel), dialyzed and cleaved with TEV protease, subjected to reverse IMAC and afterwards 
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subjected to SEC (Superdex 200 preparative column). Protein was stored in 25 mM HEPES, pH 

7.5, 200 mM KCl, 10 mM MgCl2, and 2 mM DTT, and was directly diluted into assay buffers. 

Hsc70: Hsc70 was expressed in E. coli Rosetta cells (Novagen). Liter cultures of terrific broth 

were grown at 37°C until OD600 reached 0.8. Cultures were cooled to 20°C and induced with 

isopropyl beta-D-1-thiogalactopyranoside (IPTG, final concentration of 500 µM). Cultures were 

then grown overnight at 20°C. Cell pellets were resuspended in binding buffer (50 mM Tris, 10 

mM imidazole, 500 mM NaCl [pH 8]) supplemented with cOmplete EDTA-free protease inhibitor 

cocktail (Sigma-Aldrich 11836170001). Cells were lysed by sonication and pelleted by 

centrifugation, and the supernatant was applied to HisPur Ni-NTA resin (Thermo Fisher Scientific 

88223). The resin was washed with binding buffer, washing buffer (50 mM Tris, 30 mM imidazole, 

300 mM NaCl [pH 8]), and protein was eluted with elution buffer (50 mM Tris, 300 mM imidazole, 

300 mM NaCl [pH 8]). Eluent was supplemented with 1 mM DTT and TEV protease to remove 

N-terminal His tag, and cleavage was allowed to proceed overnight at 4°C. The protein was applied 

to an ATP column (Sigma A2767), and the column was washed with buffer A (25 mM HEPES, 5 

mM MgCl2, 10 mM KCl [pH 7.5]) and buffer B (25 mM HEPES, 5 mM MgCl2, 1 M KCl [pH 

7.5]). Protein was eluted with buffer A supplemented with 3 mM ATP. 

CHIP: Recombinant human CHIP was expressed from a pMCSG7 construct with N-terminal 

tobacco etch virus (TEV) – cleavable 6His-tag. pMCSG7-CHIP was transformed into BL21DE3 

(New England Biolabs) E. coli and grown in terrific broth (TB) to OD600 = 0.5 at 37°C. Cells were 

cooled to 16°C, induced with 500 µM isopropyl β-D-1-thiogalactopyranoside (IPTG), and grown 

overnight. Cells were collected by centrifugation, resuspended in binding buffer (50 mM Tris 

pH 8.0, 10 mM imidazole, 500 mM NaCl) supplemented with protease inhibitors, and sonicated. 

The resulting lysate was clarified by centrifugation and the supernatant was applied to Ni2+-NTA 
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His-Bind Resin (Novagen). Resin was washed with binding buffer and His wash buffer (50 mM 

Tris pH 8.0, 30 mM imidazole, 300 mM NaCl), and then eluted from the resin in His elution buffer 

(50 mM Tris pH 8.0, 300 mM imidazole, 300 mM NaCl). Following, the N-terminal His tag was 

cleaved by overnight dialysis with TEV protease at 4°C. Digested material was applied to His-

Bind resin to remove cleaved His tag, undigested material and TEV protease. Protein was further 

purified by size exclusion chromatography (SEC) (Superdex 200) in CHIP storage buffer (50 mM 

HEPES pH 7.4, 10 mM NaCl), concentrated, flash frozen in liquid nitrogen, and stored at -80°C 

until needed. 

Peptides 

All peptides were ordered from GenScript. Unlabeled peptides were acetylated at the N-terminus 

and left unmodified at the C-terminus unless otherwise specified. The fluorescent C-terminal 

Hsp72 peptide was custom ordered from GenScript and designed to have an N-terminal 5-

carboxyfluorescein (5-Fam) via a six carbon spacer (aminohexanoic acid). 

Fluorescence polarization 

General: All experiments were performed in 18 µL total assay volume using 384-well, black, low-

volume, round-bottom plates (Corning 4511). Polarization values in millipolarization units (mP) 

were measured at an excitation wavelength of 485 nm and an emission wavelength of 525 nm 

using a Molecular Devices Spectramax M5 plate reader at 21°C. Experimental data were analyzed 

using GraphPad Prism 8.0 or 9.0. 

JDPs binding to Hsp72 C-terminal probe: Varying concentrations of protein were incubated with 

5-Fam-labeled Hsp72 C-terminal peptide (10 nM for DnaJB4, 20 nM for DnaJB1 CTDs). The 

plate was covered from light and allowed to incubate at room temperature for 30 minutes. Assays 
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were performed in JDP binding buffer (50 mM Tris, 15 mM NaCl, 1 mM DTT, 2.5% DMSO, 

0.01% Triton, pH 8).  

FP competition experiments: Full-length Hsc70 and peptides were assessed for the ability to 

compete with the Hsp72 probe for binding to a JDP. Varying concentrations of Hsc70 or peptides 

were incubated with 5 µM JDP and 10 nM probe (20 nM probe for DnaB1 CTDs). The plate was 

covered from light and allowed to incubate at room temperature for 30 minutes. Assays with 

peptides were performed in JDP binding buffer. Assays using FL Hsc70 were performed in JDP 

binding buffer lacking DMSO.  

CHIP FP competition experiments: All CHIP FP competition assays were performed as previously 

described9. A 2× stock of CHIP + Tracer was made in CHIP FP Assay buffer (HEPES pH 7.4, 

50 mM KCl, 0.02% Triton X-100) so that final assay concentration of CHIP was 1.58 µM and 

tracer was 20 nM. The 2× peptide competitor stocks were prepared in CHIP FP Dilution buffer 

(25 mM HEPES pH 7.4, 50 mM KCl 0.02% Triton X-100, 2% DMSO) in three-fold dilutions. 2× 

CHIP + Tracer and peptide competitor solutions were mixed at equal volumes and incubated at 

25°C in the dark for 15 minutes. Raw polarization (mP) values were background subtracted to 

tracer alone, normalized to DMSO control, and plotted relative to log10(peptide)M. Data was fit to 

the model for inhibitor versus normalized response in Graphpad Prism 9.0. 

Differential scanning fluorimetry  

DSF was performed to assess the thermal stabilization of DnaJb4 by the Hsp72 EEVD peptide. 

All experiments were performed in a solution of 5X (10 µM) SYPRO Orange (Thermo Scientific, 

Product #S6650) in 50 mM Tris, 15 mM NaCl, 0.2% DMSO, 0.01% Triton, pH 8. Thermal stability 

of DnaJB4 (10 µM final in assay) was measured in the absence or presence of 100 µM Hsp72 

10mer peptide. All conditions were tested in triplicate, in 15 µL total assay volume using a 384-
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well white PCR plate (Axygen PCR-384-LC480WNGBC). The PCR plate was spun briefly to 

remove bubbles, and sealed with optically clear film (Applied Biosystems, MicoAmp Optical 

Adhesive Film, Product #4311971). In an Analytik Jena qTower 384G qPCR instrument, plate 

was continuously heated from 25 - 94°C at a rate of 40 sec/°C, and fluorescence was measured at 

each degree in the JOE channel (515 nm / 545 nm).  
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Figures 

  

Figure 3.1: Class B JDPs interact with the Hsp70 EEVD motif. (A) Domain architectures for 
Hsp72 and DnaJB4 are shown. (B) Schematic of the interaction between Hsp70 EEVD motif and 
CTD1 of a class B JDP. Inset, crystal structure of DnaJB1 CTD1 (blue) and the EEVD motif 
(orange). (C) Close-up of EEVD motif and the adjacent residues in DnaJB1. 
 

 
Figure 3.2: Homology model of DnaJB4 from DnaJB1 crystal structure (PDB 3agy). 
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Figure 3.3: DnaJB4 binds to the EEVD motif of Hsp70, but not Hsp90. (A) Sequences of the 10 
C-terminal residues of two Hsp70 isoforms and two Hsp90 isoforms. (B) Fluorescence 
polarization demonstrates that DnaJB4 binds to a fluorescently labeled Hsp72 EEVD peptide. 
(C) The presence of the Hsp72 peptide thermally stabilizes DnaJB4 by differential scanning 
fluorimetry (DSF). (D) Competition fluorescence polarization assays were performed by adding 
unlabeled peptides to a solution of DnaJB4 preincubated with the Hsp72 probe. The unlabeled 
Hsp72 peptide competes with the tracer for binding to DnaJB4, but the two Hsp90 peptides do 
not. (E) Substituting the WT Hsp72 isoleucine residue with methionine, characteristic of the 
Hsp90 EEVD motif, renders the peptide unable to compete with the tracer for binding to 
DnaJB4. 
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Figure 3.4: Structure of the fluorescence polarization probe, 5-FAM-Ahx-GSGPTIEEVD. 

 

Figure 3.5: Affinity is driven by P5 isoleucine. (A) P1-10 nomenclature for Hsp72 EEVD motif. 
(B) Competition fluorescence polarization assay with sequential N-terminal truncations of the 
unlabeled Hsp72 peptide. 7mer peptide competes as potently as longer peptides, while 5mer and 
6mer show significantly decreased competition with the 10mer probe. (C) Competition 
fluorescence polarization assay with alanine substituted peptides in the P1-P7 positions. The P5 
alanine peptide shows significantly decreased competition, indicated by the small DmP values. 
(D) Amidation of the C-terminus abrogates binding to DnaJB4. 
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Figure 3.6: Determining residue preference at the P5 position. (A) Substitution of some aromatic 
and hydrophobic residues partially restored binding to DnaJB4. (B,C) Neither polar nor charged 
residues are accommodated at the P5 position. (D) Summary of P5 positional scan competition 
FP experiments. DmP was calculated by subtracting the average mP at the 83.3 µM dose of each 
peptide from the average mP in the absence of peptide (DMSO control). 
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Figure 3.7: Hsc70 competes with EEVD peptide for binding, independently of JD or nucleotide 
state. (A) Hsc70 competes for binding to DnaJB4, (B) more potently than the WT 10mer peptide. 
(C) Hsc70 competition with FP probe is unchanged for DnaJB1 CTDs, despite the loss of the JD. 
(D) Despite the loss of the JD, Hsc70 still competes more potently than the WT 10mer peptide. 
(E). Hsc70 competition with FP tracer is independent of nucleotide state. 
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Figure 3.8: DnaJB4 and CHIP TPR rely on distinct residues to bind the EEVD motif. (A) JDPs 
and TPR co-chaperones, such as CHIP, compete for binding to the EEVD motif. (B) 
Competition FP demonstrates that CHIP binding to the EEVD peptide is impaired when the C-
terminus is amidated. (C) Alanine scan EEVD peptides were used for competition FP assays 
with CHIP, and identify residues that are critical for CHIP binding. (D) Model for the molecular 
determinants of DnaJB4 and CHIP binding to the EEVD motif of Hsp70. 
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