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Abstract

Heat shock protein 40 (Hsp40) co-chaperones assist in cellular protein folding and degradation
through the binding and delivery of non-native proteins to heat shock protein 70 (Hsp70). The
mechanism for substrate transfer from Hsp40s to Hsp70 is unknown. Two recent studies provide
new details that shed light on novel mechanisms for substrate recognition by Hsp40s and a
common mechanism for polypeptide transfer to Hsp70.

Hsp70s and protein folding

Heat shock protein 70 family members (hereafter referred to as Hsp70) interact with
different combinations of heat shock protein 40s (Hsp40s) and other folding and degradatory
co-chaperones to facilitate multiple processes required for protein homeostasis [1,2]. Defects
in protein homeostasis can trigger aberrant protein aggregation, a hallmark of a broad class
of diseases known collectively as ‘conformational disorders’. Hsp70 molecular chaperones
protect cells against the accumulation of proteotoxic species by maintaining a delicate
balance between protein synthesis, folding and degradation [3]. Yet the mechanism(s) by
which functionally distinct Hsp40s (also known as J-proteins) bind and deliver a diverse
array of proteins to the polypeptide-binding site of Hsp70 remains a major unanswered
question.

Polypeptide binding and release by Hsp70 is coordinated via an array of co-chaperones that
tightly regulate the Hsp70 ATP hydrolytic cycle [4-6] (Figure 1). This process is initiated
when a non-native polypeptide is bound by an Hsp40 co-chaperone [1]. This large and
structurally diverse family is defined by a highly conserved region called a J-domain that
interacts with the Hsp70 nucleotide-binding domain (NBD) and stimulates intrinsic Hsp70
ATPase activity [1,7,8]. Hydrolysis of ATP to ADP in the Hsp70 NBD induces a
conformational change in the Hsp70 substrate-binding domain (SBD), thus increasing the
affinity of Hsp70 for the substrate [9,10]. In most cases, polypeptides are released from
Hsp70 when ADP is exchanged for ATP; this reaction is facilitated by structurally diverse
nucleotide exchange factors (NEFs) [11,12]. Once released, the polypeptide can fold to the
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native conformation, or remain misfolded and reenter the cycle for subsequent rounds of
refolding. However, in some instances Hsp70-bound clients are recognized by the E3
ubiquitin ligase CHIP (carboxyl terminus of Hsc70-interacting protein) and targeted for
degradation by the ubiquitin-proteasome system [13]. Interestingly, Hsp70 and Hsp40
proteins have recently been identified as partners for additional E3 ubiquitin ligases [14].
Thus, the fate of non-native polypeptides is determined via the association of Hsp70 with
co-factors that facilitate protein folding or degradation via the ubiquitin-proteasome system.

Hsp40s: diverse Hsp70-binding partners

Through direct binding to non-native substrates, Hsp40s serve as conduits that funnel non-
native clients to Hsp70. Despite sharing a conserved J-domain, the Hsp40 family is
extensive and members possess unique domains that bind to diverse clients and target Hsp70
to distinct cellular machineries. Hsp40s are categorized based on homology to the founding
member in Escherichia coli, DnaJ [7,8]. Type | Hsp40s possess a J-domain, a glycine- and
phenylalanine-rich (G/F-rich) region and a cysteine-rich, zinc-finger-like region (ZFLR).
Type 11 Hsp40s contain the J-domain and G/F-rich region, whereas Type 111 Hsp40s retain
only the J-domain. Action of the Hsp40 J-domain alone is sufficient to enable Hsp70 to
perform its essential cellular functions [15]. However, the aforementioned specialized
Hsp40 polypeptide-binding domain imparts considerable influence over Hsp40 quaternary
structure and has crucial roles in directing Hsp70 to carry out a variety of specialized
functions [16,17].

Importantly, evolutionary diversification of the Hsp40 family has expanded the repertoire of
the Hsp40 co-chaperone class (Figure 2). Recent studies suggest that this structural
diversification has generated an array of co-chaperones with unique polypeptide-binding
domains that all interact with Hsp70 via the J-domain. This specialization is exemplified by
new studies on the function of three different endoplasmic reticulum (ER)-localized Hsp40s
[18-20]. For example, the Hsp40s P58 and ERdj3 specifically bind misfolded substrates in
the ER lumen [19,20]. However, P58 is unique because this Hsp40 contains nine
tetratricopeptide repeats that seem to participate in recognition and binding of misfolded
proteins. Thus, P58 and ERdj3 might discriminate between distinct nonnative substrates
within the ER. By contrast, the Type 111 Hsp40 ERdj5 is associated with a supramolecular
complex that targets misfolded ER lumenal proteins for degradation via the ER-associated
degradation pathways. ERd]j5 contains three cysteine-rich thioredoxin domains that could be
involved in substrate recognition and facilitate retrotranslocation by cleaving disulfide bonds
in non-native proteins within the ER lumen. Thus, highly specialized ER-localized Hsp40s
have evolved different mechanisms for substrate binding to meet the protein quality control
requirements of this cellular sub-compartment.

A unique feature of cytosolic Hsp40s is the modification of Type | and Type Il family
members by prenylation [1,7,8]. For example, the yeast Type | Hsp40 Ydj1p and its human
homolog Hdj-2 are farnesylated at a C-terminal CAAX motif [21]. Whereas this lipid
modification helps to localize a pool of Hsp40 to the cytosolic surface of the ER membrane,
one recent study suggests that farnesylation is required for Type | Hsp40s to bind specific
substrates [22,23]. In addition, the neuron-specific Type Il Hsp40 HSJ1b is
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geranylgeranylated and localized to the ER surface. Similar to Type | Hsp40s, binding
between HSJ1b and its client protein rhodopsin relies on this lipid modification [24]. Thus,
lipid modification not only affects localization, but might also stabilize Hsp40—polypeptide
complexes.

Polypeptide transfer and release from Hsp70

Once Hsp40s bind to non-native polypeptides, bound clients must be transferred to Hsp70
for subsequent processing. To begin to address how this occurs, given the extensive
structural diversity within the Hsp40s, Petrova et al. [19] and Jin et al. [20] recently
examined how two different ER-localized Hsp40s release substrates upon interaction with
the Hsp70 BiP (immunoglobulin heavy-chain-binding protein). In these studies, the Hsp40s
P58 and ERd]3 specifically bound misfolded or denatured substrates. Efficient substrate
release from either Hsp40 relied upon interaction between BiP and the J-domain,
specifically when BiP was ATP bound. Mutational analysis of BiP revealed that substrate
release was functionally coupled to the ATPase activity of BiP, suggesting that a J-domain—
BiP complex was not sufficient to dissociate the substrate. How does Hsp70 binding and
ATP hydrolysis provoke Hsp40 to release its substrate? One hypothesis is that binding to
Hsp70 induces an allosteric shift in the Hsp40 that reduces substrate affinity in the
polypeptide-binding domain. However, Petrova et al. [16] found that the location of the J-
domain within the Hsp40 was inconsequential to BiP-induced substrate release.
Furthermore, the extensive variation present in the Hsp40 family argues against a unified
allosteric mechanism. However, J-domain—-Hsp70 binding might bring the substrate in close
proximity to the Hsp70 SBD. After ATP hydrolysis, the increase in substrate affinity by
Hsp70 could then out-compete the Hsp40 for binding.

This new model explains how divergent Hsp40s can uniformly release substrates for transfer
to Hsp70 through interactions between the conserved J-domain and the Hsp70 NBD.
However, some Hsp40s interact with regions within the Hsp70 SBD [25], suggesting that
specific Hsp40s have evolved individualized mechanisms for cooperating with Hsp70.
Ydjlp, in particular, requires its ZFLR for substrate transfer and chaperone-dependent
refolding [26]. The Ydjlp ZFLR (located immediately adjacent to the J-domain) might help
to orient substrates in a more amenable position for transfer to the Hsp70 SBD [16].
Therefore, distinct Hsp40 modules might confer not only unique binding preferences but
also specialized interactions with Hsp70 that impart substantial regulatory oversight in this
relationship.

Polypeptide release from Hsp70 is mediated by exchange of ADP for ATP. The NEFs that
regulate this step are also highly diverse; they do not share a common domain responsible
for this activity. Several recent structures suggest that individual NEFs might function by
twisting the lobes of the Hsp70 ATPase domain in a manner that decreases affinity for ADP
[12]. Interestingly, the NEF Sselp and its human homologs are non-canonical Hsp70s that
possesses polypeptide-binding activity and might interact with Hsp70-bound clients [27].
Thus, sequential interactions between non-native polypeptides with Hsp40, Hsp70 and other
Hsp70 co-chaperones seem to have crucial roles in cellular folding and degradation
pathways.
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Concluding remarks

Hsp40 co-chaperones have emerged as complex and essential players in regulating protein
homeostasis. This diverse family utilizes a variety of mechanisms to bind and funnel clients
to Hsp70. Yet, recent studies suggest a uniform mechanism for substrate release and transfer
from Hsp40 to Hsp70 [19,20]. Future studies are needed to dissect how specialized Hsp40s
selectively recognize different protein conformers and specify Hsp70s cellular functions. In
addition, we need to understand how interactions between Hsp70-bound protein clients and
folding and degradatory co-chaperones mediate protein triage events [13,27]. Further
knowledge of this process will lend crucial insight into the underlying causes and potential
treatments for the expansive list of protein conformational disorders [2].
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Figure 1.
(a) Hsp70 polypeptide binding and release is regulated through cycles of ATP hydrolysis

and exchange. Protein misfolding is managed, in part, through the action of Hsp70
molecular chaperones in coordination with various cellular cofactors. Initially, a non-native
polypeptide is bound by an Hsp40 co-chaperone (light blue). (b) The Hsp40 J-domain then
binds Hsp70 (blue-green) in an ATP-bound state. (c) J-domain-stimulated ATP hydrolysis in
the nucleotide-binding domain (NBD) induces a conformational shift in the Hsp70 substrate-
binding domain (SBD), increasing affinity for the non-native polypeptide that is released
from the Hsp40. Additional cofactors such as the E3 ubiquitin ligase CHIP (brown) with a
ubiquitin-conjugating E2 (blue) can bind to Hsp70 and the non-native polypeptide, targeting
the substrate for degradation by the ubiquitin-proteasome system (Poly-Ub). (d) Nucleotide
exchange factors (NEFs) such as the Hsp110s (green) replace the ADP with ATP, releasing
the polypeptide from Hsp70. (€) If the polypeptide remains in a non-native conformation,
the cycle can be repeated until folding is complete.
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Figure 2.
Domain structures of several human Hsp40s. Type | Hsp40s such as Hdj-2 (also called

DnaJA1l) possess a J-domain, G/F-rich region (green) and a ZFLR (blue). Hdj-2 is distinct
from many Hsp40s because it is farnesylated at a C-terminal CAAX motif (CQTS). Type Il
Hsp40s, such as Hdj-1 (also called DnaJB1), lack the ZFLR. HSJ1a and HSJ1b (also called
DnaJB2) are neuron-specific type 1l Hsp40 isoforms. Both isoforms possess two ubiquitin
interaction motifs (UIMs; brown); however, Hsj1b also contains a CAAX motif that is
geranylgeranylated (CLIL). ER-localized Hsp40s have also evolved specialized domains.
For example, ERd]3 (also called DnaJB11) contains a cysteine-rich motif (purple) in the C
terminus [21]. P58 (also called DnaJC3) contains nine tetratricopeptide repeats (TPR; red)
that might bind non-native polypeptides, whereas ERdj5 contains three thioredoxin (TRX;
yellow) domains, which are responsible for disulfide reductase activity. The length of each
Hsp40 represents its relative size. The intracellular location of each Hsp40 is noted.
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