1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cold Spring Harb Perspect Biol. Author manuscript; available in PMC 2019 October 14.

-, HHS Public Access
«

Published in final edited form as:
Cold Spring Harb Perspect Biol. ; 11(8): . doi:10.1101/cshperspect.a034033.

Spiraling in Control: Structures and Mechanisms of the Hsp104
Disaggregase

James Shorterl, Daniel R. Southworth?
1Department of Biochemistry and Biophysics, Perelman School of Medicine at the University of
Pennsylvania, Philadelphia, Pennsylvania 19104

2Department of Biochemistry and Biophysics; and the Institute for Neurodegenerative Diseases,
University of California San Francisco, San Francisco, California 94158

Abstract

Hsp104 is a hexameric AAA* ATPase and protein disaggregase found in yeast, which couples
ATP hydrolysis to the dissolution of diverse polypeptides trapped in toxic preamyloid oligomers,
phase-transitioned gels, disordered aggregates, amyloids, and prions. Hsp104 shows plasticity in
disaggregating diverse substrates, but how its hexameric architecture operates as a molecular
machine has remained unclear. Here, we highlight structural advances made via cryoelectron
microscopy (cryo-EM) that enhance our mechanistic understanding of Hsp104 and other related
AAA* translocases. Hsp104 hexamers are dynamic and adopt open “lock—washer” spiral states
and closed ring structures that envelope polypeptide substrate inside the axial channel. ATP
hydrolysis-driven conformational changes at the spiral seam ratchet substrate deeper into the
channel. Remarkably, this mode of polypeptide translocation is reminiscent of models for how
hexameric helicases unwind DNA and RNA duplexes. Thus, Hsp104 likely adapts elements of a
deeply rooted, ring-translocase mechanism to the specialized task of protein disaggregation.

Hsp104 is a hexameric AAA* ATPase and protein disaggregase found in yeast, which forms
asymmetric ring-like structures with a prominent axial channel (Parsell et al. 1994a; Wendler
et al. 2009; Sweeny and Shorter 2016; Yokom et al. 2016; Duran et al. 2017; Gates et al.
2017). It is a member of the Hsp100-class of chaperones, which include ClpB from bacteria,
Hsp78 from mitochondria, and CIpA, ClpC, and ClpX, which function with the ClpP
protease in bacteria (Duran et al. 2017). Hsp104 is comprised of an amino-terminal domain
(NTD), nucleotide-binding domain 1 (NBD1), a middle domain (MD), NBD2, and a short
carboxy-terminal domain (Fig. 1A,B; Sweeny and Shorter 2016). NBD1 and NBD?2 are
canonical, but distinct AAA* domains, which originate from different clades of the AAA*
family (Erzberger and Berger 2006). Both contain conserved Walker A and B motifs, sensor
residues, and an Arg finger residue that are critical for ATP hydrolysis (Sweeny and Shorter
2016). Flexible “pore loops” within the NBDs contain conserved Tyr residues that bind
substrate and are required for function (Sweeny and Shorter 2016). When assembled into a
hexamer, the NBDs enable Hsp104 to function as a machine that transduces energy from
ATP hydrolysis to the dissolution of a myriad of proteins trapped in a variety of higher-order
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structures, including preamyloid oligomers (Shorter and Lindquist 2004; Lo Bianco et al.
2008; DeSantis et al. 2012), phase-transitioned gels (Kroschwald et al. 2015, 2018; Wallace
et al. 2015), disordered aggregates (Parsell et al. 1994b; Glover and Lindquist 1998),
amyloids (Lo Bianco et al. 2008; Liu et al. 2011b; DeSantis et al. 2012), and prions (Fig.
1C) (Shorter and Lindquist 2006, 2008; DeSantis and Shorter 2012; Klaips et al. 2014; Park
et al. 2014; Zhao et al. 2017). Hsp104 (and ClpB) disaggregase activity is greatly enhanced
by collaboration with the Hsp70 molecular chaperone system, which includes a J-domain
chaperone (Hsp40) and a nucleotide-exchange factor (Hsp110) in addition to Hsp70 (Glover
and Lindquist 1998; Cashikar et al. 2005; Haslbeck et al. 2005; Shorter and Lindquist 2008;
Shorter 2011; DeSantis et al. 2012; Kaimal et al. 2017). Hsp104 couples ATP hydrolysis to
the forcible extraction of polypeptides from aggregates via partial or complete translocation
across its axial channel by tyrosine-bearing pore loops in NBD1 and NBD2 (Lum et al.
2004, 2008; Haslberger et al. 2008; Tessarz et al. 2008; Sweeny et al. 2015; Gates et al.
2017). Released polypeptides that are unfolded can then refold spontaneously or in
collaboration with molecular chaperones.

Perhaps as a response to the structural heterogeneity of different aggregates, Hsp104
hexamers have been identified to show operational plasticity and can adapt different
mechanisms of intersubunit collaboration to disaggregate structures of different stability
(DeSantis et al. 2012). Thus, to resolve less-stable, amorphous-type aggregates, Hsp104
subunits can collaborate noncooperatively, whereas for more stable structures, such as the
cross-p-sheet structures of amyloids, several subunits cooperatively engage substrate and
hydrolyze ATP (DeSantis and Shorter 2012; DeSantis et al. 2012). Hsp104 can be
engineered with enhanced disaggregase activity via specific mutations in its MD (Jackrel
and Shorter 2014b; Jackrel et al. 2014, 2015; Tariq et al. 2018). Potentiated Hsp104 variants
more effectively eliminate seminal amyloid fibrils that promote HIV infection (Castellano et
al. 2015). They are also more effective in dissolving fibrils connected to neurodegenerative
disease, such as those formed by TDP-43, FUS, TAF15, hnRNPA1, hnRNPA2, and a-
synuclein (Jackrel et al. 2014; Jackrel and Shorter 2014a; Guo et al. 2018). Remarkably,
under conditions in which wild-type Hsp104 is ineffective, these enhanced Hsp104 variants
rescue dopaminergic neurodegeneration caused by a-synuclein in an intact animal nervous
system (Jackrel et al. 2014) and effectively mitigate FUS aggregation and toxicity in
mammalian cells (Yasuda et al. 2017).

Curiously, Hsp104 is not found in metazoa, but is present in all nonmetazoan eukaryotes,
eubacteria, and some archaebacteria (Erives and Fassler 2015; Sweeny and Shorter 2016). It
now appears that metazoa use several alternative machineries to directly reverse protein
aggregation, including Hsp110, Hsp70, Hsp40, and sHsps (Shorter 2011; Duennwald et al.
2012; Torrente and Shorter 2013; Gao et al. 2015; Nillegoda et al. 2015; Scior et al. 2018),
HtrAl (Poepsel et al. 2015), NMNAT2 and Hsp90 (Ali et al. 2016), peptidylprolyl
isomerases (Baker et al. 2017), and nuclear-import receptors (Guo et al. 2018; Yoshizawa et
al. 2018). Nonetheless, these systems appear to fail or are somehow insufficient to prevent
several prevalent neurodegenerative diseases. Thus, augmenting these systems with
exogenous disaggregases like Hsp104 or engineered variants could find therapeutic
applications for several intractable disorders (Carmichael et al. 2000; Satyal et al. 2000; Bao
et al. 2002; Vacher et al. 2005; Perrin et al. 2007; Lo Bianco et al. 2008; Cushman-Nick et
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al. 2013; Shorter 2016, 2017). Enhanced protein disaggregases may also be extremely
valuable in the purification of aggregation-prone proteins for basic, biotechnological, or
pharmaceutical purposes (Sweeny and Shorter 2016).

Although not required under normal growth conditions, Hsp104 is essential for
thermotolerance (Sanchez and Lindquist 1990) and enables significant selective advantages
particularly under stress conditions. First, Hsp104 confers resistance to diverse chemical and
thermal stresses via the recovery of properly folded proteins from disordered aggregates and
by dispersing environmentally elicited protein phases harboring folded proteins (Sanchez
and Lindquist 1990; Sanchez et al. 1992; Parsell et al. 1994b; Glover and Lindquist 1998;
Hénninen et al. 1999; Wallace et al. 2015). Second, the ability of Hsp104 to nucleate,
fragment, and dissolve prions enables yeast to exploit prions for numerous adaptive
modalities (Shorter and Lindquist 2005; Halfmann and Lindquist 2010; Chakravarty and
Jarosz 2018; Harvey et al. 2018). Third, Hsp104 enables proteasomal degradation of select
cytosolic proteins (Lee and Goldberg 2010), extraction of insoluble proteins for endoplasmic
reticulum (ER)-associated degradation (Taxis et al. 2003; Preston et al. 2018) as well as
import of cytosolic misfolded proteins into mitochondria for degradation (Ruan et al. 2017).
Fourth, the disaggregase activity of Hsp104 regulates the phase properties of various
membraneless organelles (Wallace et al. 2015; Kroschwald et al. 2018). Thus, Hsp104
resolves cytoplasmic stress granules after stress has passed (Cherkasov et al. 2013;
Kroschwald et al. 2015; Wallace et al. 2015), and maintains the liquid phase of cytoplasmic
P-bodies (Kroschwald et al. 2015). Fifth, Hsp104 confers longevity by promoting the
retention of damaged proteins and aggregates in the mother cell (Erjavec et al. 2007; Tessarz
et al. 2009; Liu et al. 2010, 2011a; Zhou et al. 2011; Spokoini et al. 2012; Andersson et al.
2013; Coelho et al. 2013; Hill et al. 2014, 2016; Saarikangas and Barral 2015; Hanzen et al.
2016). Despite these important roles, it has remained incompletely understood how the
structure of Hsp104 hexamers enable functionality.

In this review, we highlight structural advances made primarily via cryoelectron microscopy
(cryo-EM) that enhance our mechanistic understanding of Hsp104 (Yokom et al. 2016;
Gates et al. 2017). Hsp104 hexamers can switch between open “lock—washer” spiral states to
closed ring structures that envelope polypeptide substrate inside the axial channel (Yokom et
al. 2016; Gates et al. 2017). Two Hsp104 protomers undergo conformational changes to
ratchet substrate deeper into the channel (Gates et al. 2017). We will discuss how these
structures and proposed polypeptide translocation mechanisms align with other recent cryo-
EM structures of AAA* polypeptide translocases (Han et al. 2017; Puchades et al. 2017) and
how they are akin to models for how hexameric helicases unwind DNA and RNA duplexes
(Enemark and Joshua-Tor 2006; Thomsen and Berger 2009). We suggest that Hsp104
applies a conserved and adaptable ring-translocase mechanism to the specialized task of
protein disaggregation.
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CRYO-EM STRUCTURES REVEAL FUNDAMENTAL INSIGHT INTO
SUBSTRATE TRANSLOCATION

Advancements in cryo-EM implemented in the past 4 to 5 years have led to tremendous
breakthroughs in achieving near-atomic resolution structures of challenging
macromolecules, resulting in what has been termed a “resolution revolution” and placing
this method at the fore-front of structural biology (Kuhlbrandt 2014; Bai et al. 2015; Cheng
2015; Egelman 2016). While powerful computational analysis and 3D-reconstruction
methods (Scheres 2012; Kimanius et al. 2016; Punjani et al. 2017) as well as improvements
in the microscopes (Grassucci et al. 2008; Danev et al. 2017; Khoshouei et al. 2017) have
been critical, the development and wide implementation of direct electron detectors
(McMullan et al. 2016; Wu et al. 2016) has been arguably the primary technological
advancement that has led to this recent breakthrough. This high-resolution imaging platform,
including the ability to collect high frame-rate movies and correct for electron beam-
induced motion of the sample (Li et al. 2013), has synergized with long-standing benefits of
cryo-EM, including vitrification of samples under native-like conditions, use of small
amounts of sample, potentially from endogenous sources, and single-particle approaches
that do not require crystallization (Skiniotis and Southworth 2016; Takizawa et al. 2017).
These benefits have been particularly evident in fields in which the macromolecules, such as
membrane proteins or ribonucleoprotein complexes, have been largely refractory to X-ray
crystallography methods due their size, dynamics, multimeric composition, or other
complexities that impede crystallization.

For AAA* protein complexes, including Hsp104 and related Hsp100 disaggregases, crystal
structures have been achievable and have provided important high-resolution information
about the structural organization, conservation, and function of the AAA* domains (Lee et
al. 2003; Carroni et al. 2014; Heuck et al. 2016). However, the crystallographic forms of the
oligomer that emerge, such as a continuous spiral (Guo et al. 2002; Lee et al. 2003; Heuck et
al. 2016), pose a challenge to understanding the physiologically relevant assembly. This
challenge is particularly important regarding AAA* complexes because proper intersubunit
organization and communication, such as frans activation by the Arg finger, a conserved
feature of AAA™ proteins, is crucial for function (Wendler et al. 2007, 2012). Indeed, initial
cryo-EM studies of Hsp104 and its eubacterial homolog, ClpB, were critical for identifying
the solution-state hexamer, AAA™ ring arrangement, and substrate translocation channel
(Lee et al. 2003, 2007, 2010; Wendler et al. 2007, 2009; Carroni et al. 2014). However, the
lower resolution achievable at the time prevented visualization of the nucleotide pockets,
subunit interface, or the remarkably asymmetric and dynamic organization of the hexamer,
which is now just beginning to be realized using current cryo-EM methods (Yokom et al.
2016; Deville et al. 2017; Gates et al. 2017).

Recent cryo-EM structures of Hsp104 (Gates et al. 2017) and ClpB (Deville et al. 2017)
reveal, for the first time, substrate interactions and conformational states that describe a
possible translocation mechanism (Fig. 2A,B). Notably, the Hsp104 structure is of wild type,
whereas ClpB is an ATPase-dead variant (BAPE279AE678A) containing a Walker B mutation
in both NBD1 and NBD?2 and residues S722—-N748 are replaced with \V609-1635 of CIpA
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(Weibezahn et al. 2004; Deville et al. 2017). In the structures, the hexamer forms a right-
handed spiral in which the Tyr-bearing pore loops from both AAA* NBDs extend into the
channel, forming a staggered array that contacts an ~80-A stretch of unfolded casein (Fig.
2C; Deville et al. 2017; Gates et al. 2017). The interaction with the substrate is mediated
almost entirely by the conserved Tyr residues at the ends of the loops, establishing their
direct involvement in translocation (Deville et al. 2017; Gates et al. 2017), which is likely
widespread for AAA* polypeptide translocases. The Tyr residues appear to stack between
the side chains of the substrate, potentially to favor nonspecific interactions with the peptide
backbone to guide translocation while stabilizing the unfolded, extended arrangement (Gates
et al. 2017). Five protomers contribute to these interactions and are aligned in a spiral along
the polypeptide axis with an average 6-7 A rise, which corresponds to a two-amino acid step
size (Gates et al. 2017). Remarkably, this pore-loop spacing is observed in related AAA*
rings (Glynn et al. 2009; Matyskiela et al. 2013; Wehmer and Sakata 2016), and similar
interdigitating Tyr-substrate interactions are identified in recent cryo-EM structures of
functionally distinct translocases Vps4 (Han et al. 2017) and YME-1 (Puchades et al. 2017),
indicating these are conserved features of translocases. Pore loop—substrate interactions are
similarly spaced for both NBD1 and NBD2 rings in wild-type Hsp104 (Gates et al. 2017),
but appear different for ClpB, with NBD1 adopting a more planar arrangement compared
with NBD2 (Deville et al. 2017). Nucleotide is present in the NBD1 and NBD2 pockets,
indicating an ATP-bound configuration, and the conserved Arg finger residue from the
clockwise protomer is identified to directly contact the -y-phosphate for both domains while
sensor residues appear to interact at the a- and p-phosphate positions (Gates et al. 2017).
These residues are required for ATP hydrolysis in many AAA* proteins; however, their
precise organization around the nucleotide pocket varies in different crystal structures,
owing potentially to the different crystallographic states (Lee et al. 2003; Wendler et al.
2012; Heuck et al. 2016). Indeed, from the Hsp104 structure, Arg 333 is identified to
function as a frans-acting sensor 2-like residue in NBD1 (Gates et al. 2017). Thus, these
structures are important in defining the active configuration of the NBDs that coincides with
substrate binding (Deville et al. 2017; Gates et al. 2017).

In both Hsp104 and ClpB structures (Fig. 2A,B), the sixth protomer is positioned at the
spiral seam between the highest and lowest substrate contact sites and interacts with the
adjacent protomers to form a closed hexameric ring (Deville et al. 2017; Gates et al. 2017).
However, this protomer is disconnected from the substrate and asymmetric with respect to
the hexamer spiral (Gates et al. 2017). Additionally, the cryo-EM density is at a lower
resolution in this region, indicating conformational flexibility compared with the substrate-
bound protomers, and the nucleotide pockets appear to be inactive with respect to the
position of the adjacent Arg finger and potentially in an apo or post-hydrolysis state (Gates
et al. 2017). Remarkably, this 5 bound:1 unbound arrangement of protomers is identical to
recent cryo-EM structures of the single-ring AAA™ translocases YME-1 (Puchades et al.
2017) and Vps4 (Han et al. 2017), as well as the double-ring archaeal unfoldase, VAT
(Ripstein et al. 2017). Similar configurations of the nucleotide pockets are also observed in
these structures indicating the substrate bound protomers are primarily in an ATP state,
poised for hydrolysis, while the seam protomer is likely in a posthydrolysis state. Thus,
based on these recent structural efforts, this broad family of polypeptide translocases appear
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to adopt a remarkably universal substrate-bound spiral configuration that suggests a rotary-
type translocation mechanism.

By 3D classification, we identified an additional substrate-bound conformation of Hsp104 in
which all six subunits are bound to the polypeptide in an evenly spaced helical spiral (Gates
et al. 2017). Comparison of these states led us to propose that the unbound subunit at the
seam rearranges and binds the substrate at a position 7 A above its clockwise neighbor,
thereby advancing substrate interactions by a two-amino acid step (Fig. 3A,B; Gates et al.
2017). The two conformations were visualized in approximately equal proportion in the
dataset, thus we concluded that the translocation mechanism involves a counterclockwise
sequence of ratchet-like conformational changes involving these two distinct states at the
spiral interface to move the polypeptide through the channel (Fig. 3C; Gates et al. 2017).
Surprisingly, this six-subunit-bound arrangement has not been observed in the other
substrate-bound structures, indicating potential differences in the conformational
equilibrium or perhaps differences in the mechanism related to the function of Hsp104, or
variations between the single- and double-ring AAA* translocases. Notably, the YME-1 and
Vps4 structures also contain the ATPase-dead Walker B mutation, similar to ClpB. Thus,
additional structures of wild-type or other variants are likely necessary to identify the
complete repertoire of conformational states involved in the translocation cycle for these
different AAA* complexes.

The use of the slowly hydrolyzable ATP analog, ATP-yS (Deville et al. 2017; Gates et al.
2017), ATP (Puchades et al. 2017), or the ADP-BeFx (Han et al. 2017) transition-state
mimic were likely critical for capturing the substrate-bound states by mimicking hydrolysis
or allowing partial hydrolysis to occur. Indeed, high-affinity substrate binding for Hsp104
was identified only in the presence of ATPyS compared with ATP, AMPPNP, and ADP
(Gates et al. 2017; Weaver et al. 2017). Furthermore, mixtures of ATP and ATPyS can
activate Hsp104 disaggregase activity in the absence of the Hsp70 chaperone system (Doyle
et al. 2007; DeSantis et al. 2012). Based on structures of the single-ring AAA* complexes
YME-1 (Puchades et al. 2017) and Vps4 (Han et al. 2017; Puchades et al. 2017), the subunit
at the lowest position along the substrate (down) is proposed to be in a post-hydrolysis, ADP
state, while the clockwise subunit that is disengaged from the substrate is in an apo state.
This situation may be similar for Hsp104. However, the nucleotide states are likely different
in the NBD1 and NBD?2 for these lower-positioned protomers (Gates et al. 2017). In the
fully engaged structure of Hsp104, the subunit at the highest position is in the ATP state,
thus the ratchet-like conformational change occurs with ATP binding and substrate
engagement (Gates et al. 2017). Together, these studies support a rotary mechanism
involving a counterclockwise sequence of ATP hydrolysis coupled to polypeptide
translocation movement. Based on this model, ATP hydrolysis occurs in the subunits at the
lower position along the substrate, possibly initiating in NBD2 (Gates et al. 2017), and
thereby triggering substrate release at the spiral seam. Nucleotide exchange then enables
substrate rebinding two residues above the position of the counterclockwise subunit. Higher
resolution structures are needed to precisely define the nucleotide states of NBD1 and NBD2
at the spiral seam.
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COMPARISON WITH AAA* HEXAMERIC HELICASES REVEALS UNIVERSAL
FEATURES

From these recent cryo-EM structures of Hsp104 and ClpB, it is emerging that the
disaggregation process is remarkably similar to mechanisms of hexameric helicases, which
unwind DNA and RNA duplexes. Indeed, mechanisms of stepwise separation of the
nucleotide strands and steric exclusion to prevent reannealing (Trakselis 2016) parallels key
requirements of disaggregation, including (1) ATPase-driven untangling of polypeptides
from the larger aggregate/amyloid substrate, and (2) stabilizing the unfolded polypeptide to
prevent reaggregation and promote downstream refolding or proteolysis. A number of AAA*
and RecA-like motor proteins, which are among the large family of “additional strand
catalytic glutamate” (ASCE) P-loop ATPases, form hexameric ring structures that encircle
and translocate substrates and contain B-hairpin pore loops that mediate substrate
interactions (Enemark and Joshua-Tor 2008; Thomsen and Berger 2008). Well-characterized
helicases include AAA* superfamily 3 members SV40 large T antigen and papilloma virus
E1 helicases and the MCM family involved in DNA replication in Archaea and Eukarya as
well as RecA-like members: DnaB, the bacteriophage T7 gp4 helicase, and the Rho
transcription termination factor (Enemark and Joshua-Tor 2008; Thomsen and Berger 2008).

The cocrystal structure of E1, a 3’5" helicase, identified single-stranded DNA bound to the
interior of the ring by all six protomers with a helical spiral of pore loops interacting along
the backbone (Enemark and Joshua-Tor 2006). Similarly, structures of Rho (Thomsen and
Berger 2009) and DnaB (ltsathitphaisarn et al. 2012), which translocate 5'-3’, also
identified a spiral arrangement of pore loop contacts that track along the substrate backbone.
Intriguingly, the protomers in the DnaB hexamer form a spiral configuration along DNA
(Itsathitphaisarn et al. 2012), while E1 and Rho hexamers are planar but with spiral
arrangement of the pore loops (Enemark and Joshua-Tor 2006; Thomsen and Berger 2009),
indicating translocation may be driven by either rearrangement of the spiral of protomers
along the substrate or by conformational changes in the pore loops, respectively. Indeed,
structures of the apo, ATP, and ADP states of the SV40 helicase identify paddle-like
conformational changes, supporting that ATP hydrolysis-coupled changes in the pore loops
drive translocation (Gai et al. 2004). Models based on these structures support a sequential,
rotary translocation mechanism, with hydrolysis of one ATP driving a single-nucleotide step
along the substrate (Enemark and Joshua-Tor 2006; Thomsen and Berger 2009). However,
stochastic and concerted hydrolysis models have also been proposed based on additional
biochemical and structural studies (Singleton et al. 2007; Lyubimov et al. 2011). Thus,
structures of additional nucleotide-specific conformational states are needed to clarify the
mechanism. Overall, the spiral configuration, substrate interactions and hydrolysis cycle are
remarkably similar between helicases and polypeptide translocases, indicating the core
mechanisms for the translocation of biopolymers are likely universal.

SUBSTRATE ENGAGEMENT AND RELEASE

Both Hsp104 and ClpB have an intrinsic ability to engage specific aggregated structures and
disaggregate them (Shorter and Lindquist 2004, 2006; Doyle et al. 2007; DeSantis et al.
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2012; Zhang et al. 2013; Jackrel et al. 2014; Krajewska et al. 2017). Typically, however,
disaggregation of disordered aggregates by Hsp104 and ClpB is greatly stimulated via
collaboration with the Hsp70/DnaK chaperone system (Glover and Lindquist 1998;
Goloubinoff et al. 1999; Shorter 2011; Kaimal et al. 2017). Likewise, the Hsp70 system can
stimulate prion and amyloid dissolution by Hsp104 and engineered variants (Lo Bianco et al.
2008; Shorter and Lindquist 2008; Shorter 2011; DeSantis et al. 2012; Jackrel et al. 2014).
Downstream refolding and reactivation of substrate, if necessary, occurs following release
from Hsp104 or ClpB (Glover and Lindquist 1998; Goloubinoff et al. 1999). In some cases,
as with dissolution of Sup35 prions, refolding is not necessary (Sweeny et al. 2015). Here,
using a partial translocation mechanism, Hsp104 simply melts the cross-f structure of the
prion domain, which holds Sup35 prions together, but does not unfold the carboxy-terminal
GTPase domain of Sup35, which remains correctly folded in the prion state (Sweeny et al.
2015). Thus, soluble Sup35 is liberated from the prion in an active conformation (Sweeny et
al. 2015).

It is proposed that the Hsp70 chaperone system helps target Hsp104 or ClpB to aggregated
structures (Weibezahn et al. 2004; Tessarz et al. 2008; Mogk et al. 2015; Kaimal et al. 2017).
A direct interaction between the Hsp100 and the Hsp70 appears to be important for substrate
targeting and for activation of Hsp100 ATPase activity (Seyffer et al. 2012; Lee et al. 2013;
Rosenzweig et al. 2013; Doyle et al. 2015). Substrate targeting by Hsp70 involves direct
interaction between its NBD and the motif 2 helices of the MD of Hsp104 or ClpB (Seyffer
etal. 2012; Lee et al. 2013; Rosenzweig et al. 2013). Thus, the MD enables collaboration
with Hsp70 in protein disaggregation (Haslberger et al. 2007; Oguchi et al. 2012; DeSantis
et al. 2014). The MD wraps equatorially around the hexamer forming head-to-tail
interactions (Carroni et al. 2014; Sweeny et al. 2015; Heuck et al. 2016; Yokom et al. 2016;
Gates et al. 2017). Mutations in the MD have been identified in both ClpB (Oguchi et al.
2012) and Hsp104 (Jackrel et al. 2014, 2015; Heuck et al. 2016; Tariq et al. 2018) that alter
ATP hydrolysis and potentiate function, revealing that the MD functions as an allosteric
regulator during substrate engagement and disaggregation.

The Hsp70 chaperone system is proposed to act at the surface of aggregates to initiate the
Hsp100 translocation process via partial solubilization and delivery of an Hsp70-bound
unfolded polypeptide strand to the hexamer channel (Mogk et al. 2015). Thus, a model
emerges in which polypeptides at an aggregate surface are initially made accessible to
Hsp104 or ClpB by cycling of the Hsp70 chaperone system (Mogk et al. 2015; Kaimal et al.
2017). A substrate-bound Hsp70 complex might then be recognized by Hsp104 or ClpB via
interactions with the MD, resulting in conformational rearrangements and ATP hydrolysis
by Hsp104 or ClpB that drives substrate transfer into the hexamer channel to initiate
translocation (Mogk et al. 2015).

Although appealing, this model is complicated by observations that ClpB and DnaK
compete for binding to aggregates (Weibezahn et al. 2003), that DnaK causes CIpB to
dissociate from substrate (Durie et al. 2018), and that Hsp104 and ClpB can show powerful
disaggregase activity in the absence of Hsp70 (DeSantis et al. 2012; Duennwald et al. 2012;
Zhang et al. 2013; Jackrel et al. 2014; Krajewska et al. 2017). It is also worth noting that
other members of the Hsp100 family and indeed other protein-disaggregase systems show
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no requirement for the Hsp70 chaperone system to drive protein disaggregation (Dougan et
al. 2002; Andersson et al. 2006; Haslberger et al. 2008; Park et al. 2015; Poepsel et al. 2015;
Ali et al. 2016; Baker et al. 2017; LaBreck et al. 2017; Guo et al. 2018; Lee et al. 2018;
Yoshizawa et al. 2018). Collectively, these observations suggest that more nuanced models
are required. Indeed, the nature of chaperone-client interactions often engenders
multifunctionality (Koldewey et al. 2017).

All recent substrate-bound structures of AAA™ translocases identify a narrow channel
containing a single polypeptide chain that is coordinated by a spiral array of pore—loop
interactions, thus it appears unlikely that more than one strand could be accommodated in
the channel (Deville et al. 2017; Gates et al. 2017; Han et al. 2017; Puchades et al. 2017).
However, previous studies identified that ClpB can process internal segments of substrates
(Haslberger et al. 2008) in addition to translocating from the amino- or carboxy-termini
(Doyle et al. 2007; Haslberger et al. 2008; Hoskins et al. 2009). Likewise, Hsp104 can drive
disaggregation via partial translocation initiated at internal segments (Haslberger et al. 2008;
Sweeny et al. 2015), and can also process substrates from the amino- or carboxy-termini
(Doyle et al. 2007; Sweeny et al. 2015). Thus, in light of recent substrate-bound structures
(Gates et al.2017), conformational rearrangements may occur during substrate engagement
that open the hexamer at the spiral seam to allow accommodation of a single polypeptide
strand into the channel. This plasticity in loading mechanism would allow Hsp104 or CIpB
to engage substrates at multiple positions, and thus not restrict the disaggregase for hunting
for free amino- or carboxy-termini to initiate translocation, which could be problematic
when tackling the irregular structures of protein aggregates. Moreover, Hsp104 and ClpB
hexamers are dynamic and exchange subunits on the minute timescale (Haslberger et al.
2008; Werbeck et al. 2008; DeSantis et al. 2012; Aguado et al. 2015), and recent studies by
atomic force microscopy identified large conformational changes and open spiral ring
conformations of ClpB (Uchihashi et al. 2018). Structures of initiation complexes, however,
have not yet been determined and the Hsp100-Hsp70 interaction and substrate handover
mechanisms at heterogeneous surfaces of aggregates remain a significant question.

In considering substrate binding and release mechanisms, it is worth examining recent
substrate-free structures of AAA* translocases. In the cryo-EM structure of ClpB:ATPyS
that is proposed to be a substrate acceptor, ground state, the hexamer adopts an asymmetric
right-handed spiral that is similar overall to the substrate-bound structure but contains a
different conformation of the NBD2 pore loop at the spiral seam (Deville et al. 2017). This
structure also shows nucleotide occupancy in four protomers, and a surprising NTD position
that occludes the substrate channel (Deville et al. 2017). An Hsp70-mediated substrate
engagement mechanism is thereby proposed that involves a large, 90° rotation of the NBD2
pore loop on substrate binding (Deville et al. 2017). However, it is unclear how this
conformational change, which is at the lower portion of the channel axis and likely distal
from required Hsp70-MD and NBD1-substrate interactions, would be the primary driver of
substrate engagement.

In other recent substrate-free structures (Huang et al. 2016; Yokom et al. 2016; Gates et al.
2017), the double-AAA™ ring adopts a spiral “lock—washer” conformation with a ~10 A
offset between protomers and an unusual interaction between the NBD1 and NBD2 of
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adjacent protomers at the spiral seam (Fig. 4). For Hsp104, identified in the presence of
either AMPPNP or ADP, this conformation may serve as a key ground state for substrate
binding and release (Yokom et al. 2016). The spiral is left-handed, compared with the right-
handed arrangement of the substrate-bound complex (Fig. 2A), with a 30-A-wide channel
that opens toward the seam (Yokom et al. 2016; Gates et al. 2017). This cleft is proposed to
be a potential access site for substrate delivery to the channel. Similar spiral lock—washer
states have also been identified in cryo-EM structures of single-ring translocases, Vps4 (Su
etal. 2017), and Katanin (Zehr et al. 2017) in the absence of substrate (Fig. 4C). These
states are proposed to function as the power-stroke step in the translocation cycle, perhaps
similar to the role of the extended state identified in Hsp104 (Fig. 3B).

The Hsp104: AMPPNP structure also identifies a MD arrangement involving salt-bridge
interactions across the NBD1 of the clockwise protomer (Yokom et al.2016). Intriguingly,
Hspl104: ADP adopts the same left-handed lock—washer conformation as with AMPPNP;
however, the MD coiled-coil is rotated, forming the head-to-tail interactions identified for
ClpB (Carroni et al. 2014; Gates et al. 2017). Remarkably, both of these nucleotide-specific
MD conformations are identified in the Hsp104—substrate complex and correspond to the
different nucleotides states of the protomers, supporting the notion that the MD indeed
functions as allosteric ATPase control element during active translocation (Gates et al.
2017). Unlike the ClpB complex, but similar to previous crystal structures, the pore loops
are unresolved in the channel of the lock—washer conformation, indicating they remain
flexible in the absence of a bound substrate (Yokom et al. 2016; Gates et al. 2017).

By 3D-classification analysis, we identified that the lock—washer conformation coexists with
the closed, substrate-bound states in an equilibrium that varies with different nucleotide
conditions and hydrolysis mutants, thus establishing a role in the Hsp104 conformational
cycle (Gates et al. 2017). Conformational changes between these states are significant,
involving a 65-A translation of the seam protomer along the channel axis and a rotation
inward, narrowing the channel (Gates et al. 2017). When considering possible
Hsp70:substrate interactions at the amino-terminal entrance of the Hsp104 channel, this
conformational change could serve to transfer a substantial, 20-residue segment of the
polypeptide into the channel, enabling engagement by both the NBD1 and NBD2 (Gates et
al. 2017). Alternatively, given the flexibility and reduced interprotomer contacts at the seam,
hydrolysis may trigger ring-opening, enabling transfer of the substrate into the channel
thereby allowing binding to internal segments of substrates, as discussed above. Open, lock—
washer conformations have also been identified for the Mcm helicases and proposed to
function as a ground state that facilitates deposition on DNA during replication (Costa et al.
2011; Zhai et al. 2017). Thus, in addition to substrate-translocation steps, parallels with
AAA* helicases may also exist for the initial loading step of disaggregation.

PLASTICITY IN MECHANISMS OF DISAGGREGATION

Protein disaggregation by Hsp104 or CIpB can involve nonprocessive and processive
translocase mechanisms (DeSantis et al. 2012; Li et al. 2015). Indeed, cycling between the
open lock—washer and closed ring states is proposed to enable nonprocessive bind and
release tugging events (Yokom et al. 2016; Gates et al. 2017). These tugging events may
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suffice to extract polypeptides from labile protein aggregates (DeSantis et al. 2012; Li et al.
2015; Durie et al. 2018). Interestingly, a similar mechanism has been proposed for how the
AAA* protein, Katanin, might sever microtubules (Zehr et al. 2017).

In addition, the closed and extended substrate-bound states of Hsp104 hexamers suggest a
more processive translocase mechanism (Gates et al. 2017). Here, two protomers undergo
ratchet-like conformational changes that enable substrate binding and release steps to occur
while the hexamer remains engaged to substrate (Gates et al. 2017). This rotary-like
mechanism could drive disaggregation when coupled to stepwise cycles of ATP hydrolysis
around the ring (Gates et al. 2017). Such a cooperative mechanism could enable dissolution
of more stable aggregates or amyloids (DeSantis et al. 2012). This mechanism differs from
“stochastic” models proposed for another Hsp100 unfoldase, ClpX (Martin et al. 2005;
Cordova et al. 2014; Olivares et al. 2016). However, Hsp104 can show different modes of
intersubunit collaboration that are tuned to different substrates (DeSantis et al. 2012). Thus,
to resolve more labile aggregates, Hsp104 subunits can collaborate non-cooperatively
(DeSantis et al. 2012), which likely corresponds to probabilistic mechanisms described for
ClpX (Martin et al. 2005). In contrast, for more stable structures, such as amyloids and
prions, several Hsp104 subunits must cooperatively engage substrate and hydrolyze ATP
(DeSantis et al. 2012; DeSantis and Shorter 2012). Although additional hexameric states are
likely involved in the complex process of protein disaggregation, our recent structures reveal
the remarkable structural plasticity of Hsp104 (Yokom et al. 2016; Gates et al. 2017). This
plasticity likely enables adaptable mechanisms of protein disaggregation tuned to respond to
the different demands of different substrates (DeSantis et al. 2012; Murray and Kelly 2012;
Sweeny and Shorter 2016).

CONCLUSION

The cryo-EM revolution has enabled new insights into the mechanism of various AAA*
ATPases, including the protein disaggregase Hsp104 (Yokom et al. 2016; Gates et al. 2017).
Basic mechanisms of polypeptide translocation have now been revealed (Gates et al. 2017),
which indicate surprising commonalities with other translocases including hexameric
helicases that unwind DNA and RNA duplexes (Enemark and Joshua-Tor 2006; Thomsen
and Berger 2009). However, many questions lie ahead, which are also likely to be informed
by high-resolution cryo-EM analysis of additional complexes and states. For example, not
all the domains of all the protomers of the Hsp104 or ClpB hexamer have been resolved by
cryo-EM (Yokom et al. 2016; Deville et al. 2017; Gates et al. 2017). Resolving these
domains could yield further insights into hexamer function. How exactly might Hsp70 load
polypeptide into the Hsp104 channel? Moreover, how does Hsp104 engage and dissociate
various structured amyloids? Finally, how might the structures of potentiated Hsp104
variants enable their enhanced activity in comparison to wild-type Hsp104? Answers to
these questions will enhance our understanding of Hsp104 disaggregases, which have a
variety of important basic, therapeutic, and pharmaceutical applications (Sweeny and
Shorter 2016).
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Figurel.
Domain structure and function of Hsp104. (A) Domain schematic for Hsp104 showing:

amino-terminal domain (NTD), AAA™ nucleotide binding domains 1 (NBD1) and 2
(NBD2), middle domain (MD), and carboxy-terminal domain (CTD), and approximate
location of conserved AAA™ motifs: Walker A and B (yellow), Sensor 1 and 2 (gray), Arg
finger (red), and pore loops with Tyr 257 and 662. Note: in addition to the NBD1 Arg finger
(R334), which contacts the -y-phosphate of ATP, another frans-interacting Arg residue (*)
(R333) was identified in the Hsp104 subsrate-bound structure (Gates et al. 2017) to contact
ATP and proposed to function as a noncanonical sensor 2 residue. (B) Crystal structure of
the eubacterial homolog CIpB protomer colored by domain (Lee et al. 2003). (C) Schematic
depicting Hsp104-mediated disaggregation of amorphous aggregates and amyloids in
collaboration with the Hsp70 chaperone system. Domains are colored as in A.
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Figure 2.
Substrate-bound architecture of ClpB and Hsp104. Cryo-electron microscope (EM)

structures of (A) Hsp104 (Gates et al. 2017), and (B) ClpB (BAPE279A:EE78A) (Deville et al.
2017) bound to casein and ATPyS. AAA* domains NBD1 and NBD2 are shown and colored
by protomer; substrate polypeptide bound in the channel is shown for Hsp104. The seam
protomer (magenta, *) is disconnected from the substrate. (C) Spiral arrangement of Hsp104
pore loops from five protomers contacting substrate polypeptide via conserved Tyr residues
257 and 662 in the NBD1 and NBD2, respectively. The disconnected seam protomer
(magenta in A and B) is not shown.
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Figure 3.
Substrate-bound states of Hsp104 support a processive, rotary model for disaggregation. (A)

“Closed,” and (B) “extended state” structures of Hsp104 (Gates et al. 2017) with a view of
the spiral seam from inside the channel showing the ratchet-like conformational change of
the seam protomer (magenta) that advanced interactions along the substrate by two amino
acids. (C) Model for disaggregation involving sequential translocation steps derived from the
two substrate-bound conformations of Hsp104 (molecular visualization courtesy of J.
Iwasa). (For a complete movie, please see youtube.com/watch?v=VXupZku6IEg.)
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Figure 4.
Substrate-free spiral “lock—washer” conformations of single and double-ring translocases.

Cryo-EM structures of (A) Hsp104 bound to AMPPNP (Yokom et al. 2016), and (B) VAT,
an archaeal AAA* unfoldase, bound to ADP (Huang et al. 2016), in left-handed and right-
handed spiral conformations, respectively. In both structures, the spiral seam is stabilized by
a heteromeric NBD1-NBD?2 interaction. (C) Cryo-EM structure of Katanin hexamer, a
microtubule-severing complex, bound to ATP (Zehr et al. 2017).
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