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Abstract

Neurodegenerative diseases are characterized by the accumula-
tion of misfolded proteins. This protein aggregation suggests that ab-
normal proteostasis contributes to aging-related neurodegeneration.
A better fundamental understanding of proteins that regulate proteo-
stasis may provide insight into the pathophysiology of neurodegen-
erative disease and may perhaps reveal novel therapeutic
opportunities. The 26S proteasome is the key effector of the
ubiquitin-proteasome system responsible for degrading polyubiquiti-
nated proteins. However, additional factors, such as valosin-
containing protein (VCP/p97/Cdc48) and CYorf72, play a role in
regulation and trafficking of substrates through the normal proteo-
stasis systems of a cell. Nonhuman AAA+ ATPases, such as the dis-
aggregase Hspl04, also provide insights into the biochemical
processes that regulate protein aggregation. X-ray crystallography
and cryo-electron microscopy (cryo-EM) structures not bound to
substrate have provided meaningful information about the 26S pro-
teasome, VCP, and Hsp104. However, recent cryo-EM structures
bound to substrate have provided new information about the func-
tion and mechanism of these proteostasis factors. Cryo-EM and
cryo-electron tomography data combined with biochemical data
have also increased the understanding of C9orf72 and its role in
maintaining proteostasis. These structural insights provide a founda-
tion for understanding proteostasis mechanisms with near-atomic
resolution upon which insights can be gleaned regarding the patho-
physiology of neurodegenerative diseases.
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INTRODUCTION

Protein aggregates are a hallmark feature of many neu-
rodegenerative diseases, including Alzheimer disease, Lewy
body diseases, amyotrophic lateral sclerosis (ALS), and fron-
totemporal degeneration (FTD). While protein aggregation is
central to these aging-related diseases, the field has looked be-
yond the aggregates themselves for insights into disease path-
ogenesis and potential therapeutic targets. The proteostasis
process has been a logical area of inquiry, as aggregation indi-
cates a dysfunction in the proper regulation of the proteome.
Aggregates may either cause proteostatic dysfunction or result
from proteostatic dysfunction, and their specific role likely
depends on the disease process in question.

At the heart of human proteostasis is the 26S proteasome
(1). The 26S proteasome is the final step of the ubiquitin pro-
teasome system (UPS), degrading proteins that have been
marked as misfolded or aggregated, as is the case in many neu-
rodegenerative diseases (2). However, the 26S proteasome
represents only the final arbiter of UPS-mediated degradation.
In normal cellular functioning, before marked proteins can be
degraded, they need to be removed from the organelles, mem-
branes, complexes, or aggregates in which they are found. Pro-
teins like valosin-containing protein (VCP) play the role of
separating or disaggregating proteins so that they can be
reused or degraded in healthy cells (3—6). Complementing the
UPS system are autophagic processes which degrade intracel-
lular components, including protein aggregates. Regulation of
autophagy likely plays an important role in neurodegenerative
disease through factors such as C9orf72. C9ort72’s complete
function remains nebulous, but has been linked with autoph-
agy defects, UPS, and a variety of neurodegenerative diseases
(7, 8). When dysfunction occurs within these processes that
regulate and turn over the proteome, protein aggregation can
occur. Aggregation can lead to cellular toxicity and death as is
seen in neurodegenerative diseases, such as ALS and FTD
(Table ).
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TABLE. Summary of Proteostasis Factors Valosin-Containing Protein (VCP), 26S Proteasome, Hsp104, and C9orf72 Role in Pro-
teostasis, Their Substrates, and Mutation-Associated Diseases (PDB: 60A9, 6MSD, 5V]H, 6LTO; EMDB: 7479)

Proteostasis Factor Role in Proteostasis

Associated Substrates Mutation-Associated Diseases

Valosin-containing protein ¢ Remove proteins from com-
plexes, membranes, and
aggregates

® May directly precede the 26S

proteasome

Final factor in that degrades
polypeptides in the ubiquitin
proteasome system

26S proteasome i

Hspl04 * Native yeast protein that has
shown promise as effective

disaggregase

* Regulates autophagy poten-
tially through endosomal
regulation

® May indirectly affect many
parts of proteostasis

Tau, transactive response DNA-

Amyloid precursor protein, Tau, «-

Seminal amyloid, TDP-43, a-synu-

Rab8a, Rabl1a, Arfl, Arf5, Arf6,

Vacuolar tauopathy, multisystem

binding protein 43 kDa (TDP-43) proteinopathy

N/A
synuclein, polyQ aggregates,
poly-GA aggregates

N/A (yeast protein)
clein, FUS, stress granules

Amyotrophic lateral sclerosis, fron-
26S proteasome (binding partner totemporal degeneration
with 65 other neurodegenerative

associated proteins)

Naturally, the 26S proteasome, VCP, C9orf72, and simi-
lar factors have emerged as candidates for investigation into
the mechanism and treatment of neurodegenerative diseases
due to their key role in maintaining functional proteostasis.
However, nonhuman proteins, such as Hsp104, also present
interesting therapeutic opportunities. Hsp104 is not found in
humans naturally, but it has been found to disaggregate neuro-
degenerative disease-relevant aggregates more effectively
than human homologs (9-12) (Table ). If the effective disag-
gregation ability of Hspl04 can be harnessed in humans, it
may be an enticing potential therapy for neurodegenerative
disease.

TECHNOLOGICAL ADVANCES IN CRYO-
ELECTRON MICROSCOPY

Structural insight into the proteins of the protein regula-
tory pathway is important to understanding neurodegenerative
disease mechanisms and exploiting these factors for therapeu-
tic potential. The advent and improvement of cryo-electron
microscopy (cryo-EM) techniques has been central to the

boom of published structures relevant to proteostasis. X-ray
crystallography was previously the preferred method for
obtaining near-atomic and atomic resolution structures of pro-
teins. However, crystallography requires the growth of crys-
tals, which can be unpredictable and may not represent the
native state of a protein in solution, as was the case for crystal-
lized proteostasis factors (13-15). Unlike crystallography,
cryo-EM allows for the study of protein complexes in isolation
without crystal packings and can capture multiple conforma-
tions of those complexes (16). The concept of cryo-EM has
been around since the 1970s (17); however, until recently the
technology has been insufficient to attain near-atomic or
atomic resolution reconstructions. Since 2013, advancements
in cryo-EM technology have allowed for near-atomic and
even atomic resolution (~1.2 A) (18) reconstructions. New
microscopes allow for highly coherent 300kV illumination,
automatic sample insertion that can store and handle several
grids at one time, automatic liquid nitrogen refilling system,
and increased imaging stability from an extensive lens system.
Direct electron detectors are more sensitive and substantially
faster than traditional cameras, capable of taking many frames
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per second as opposed to requiring long exposure times for a
single image. The stack of frames can be analyzed to correct
for specimen movement upon electron exposure to improve
image resolution. Single-particle cryo-EM is useful for obtain-
ing atomic structure of in vitro proteins and complexes.
Single-particle cryo-EM relies on many copies of identical
complexes that can be imaged from many different orienta-
tions on a grid. The different orientations are used to generate
a 3D structure of the complex. Cryo-electron tomography
(cryo-ET) takes a different approach by rotating samples to
obtain 3D information about each subject. Cryo-ET is well
suited for in situ structural determination that is not possible
with other structural determination techniques. Cryo-ET
obtains more information about each individual target than
single-particle cryo-EM at the sacrifice of number of targets
imaged, generally resulting in lower-resolution reconstruc-
tions than single-particle cryo-EM.

Here, we review recent cryo-EM and cryo-ET structures
of several proteostasis factors relevant to neurodegenerative
disease: VCP, 26S proteasome, Hsp104, and C9orf72 (Table).

VCP/p97/Cdc48

Valosin-containing protein (p97/VCP in mammals,
Cdc48 in yeast) plays an essential role in cellular processes
and is necessary for cell viability, which has led to its estab-
lishment as a target for cancer therapy (19, 20). The main
function of VCP is removing individual polyubiquitinated pol-
ypeptides from organelle membranes, protein complexes,
chromatin, and ribosomes (3-5), although VCP can process
some substrates in the absence of ubiquitin (21, 22).

There is growing evidence that VCP may contribute to
the clearance of protein aggregates (4, 6). Mutations in VCP
can cause neurodegenerative proteinopathies, including vacu-
olar tauopathy and multisystem proteinopathy (MSP; charac-
terized by variable phenotypes including inclusion body
myositis, Paget disease of bone, ALS, and frontotemporal de-
mentia [IBMPFD]) (6, 23-25). A variety of cellular pathway
defects have been reported with these neurodegenerative
mutations, including defects in endosomal trafficking, autoph-
agy, mammalian target of rapamycin regulation, and mito-
chondrial homeostasis, and this is likely an incomplete list of
cellular processes that are affected by VCP activity (26-29).

VCP also extracts polyubiquitinated misfolded proteins
from the endoplasmic reticulum (ER) and transfers them to
the 26S proteasome in a process called ER-associated protein
degradation (ERAD) (30, 31). Unlike the 26S proteasome
which requires a flexible polypeptide to initiate its proteolytic
processing, VCP does not require its substrates to be flexible
or to be a partially unfolded polypeptide (32—-34). As a result,
VCP can directly unfold or segregate substrates that cannot be
directly degraded by the 26S proteasome due to their lack of a
flexible region. This ability to bypass the need for a flexible
region furthers the hypothesis that VCP may prepare well-
folded proteins for processing by the proteasome (31, 35).
While 26S proteasome recognizes and initiates translocation
using flexible regions in the polypeptide substrate as a signal,
it remains not fully clear how VCP is able to recognize a broad
range of substrates in the absence of a flexible region. Polyubi-
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quitin chains appear to be one signal that VCP uses to recog-
nize some substrates (36).

VCP is classified as part of the AAA+ family of
ATPases. It has an N-terminal domain (NTD) and 2 ATPase
domains named D1 and D2 (13, 37). Similar to other AAA+
ATPases, VCP is a homohexamer with a central pore
(Fig. 1A, B). The NTD on the “cis” side of the ring formation
can be in an “up” conformation (above the D1 ring) or “down”
conformation (coplanar with the D1 ring) (Fig. 1D). These 2
conformations play a role in cofactor binding, discussed fur-
ther below. D2 resides beneath D1 on the “trans” side of the
ring formation (Fig. 1A, B, D) (13, 37). Most missense muta-
tions associated with MSP lie at the NTD/D1 interface
(Fig. 1C) (38).

Cofactors of VCP determine its substrate specificity and
cellular localization. All known cofactors of VCP bind the
NTD or the C-terminal tail (39). The Ufd1/Npl4 (UN) cofactor
complex allows VCP to recognize and process Lys*®-linked
polyubiquitin chains, but can also recognize more complex
polyubiquitin chains (Fig. 1A, B) (40, 41). However, VCP
without cofactors can still interact with polyubiquitin and in
some situations can unfold substrate without ubiquitin (21,
42). UN is needed for VCP’s role in ERAD and is the only co-
factor of VCP essential for cell viability in yeast (40, 43—46).
Npl4 has an N-terminal ubx-like domain (UBXL), 2 Zn>"-fin-
ger domains (zf-Npl4), and an Mprl/Padl N-terminal domain
(MPN) (36, 46). Notably, mammalian Npl4, but not yeast
Npl4 has an additional C-terminal Zn*"-finger domain that
binds ubiquitin (47, 48). Ufd1 has an Ufd1 truncation 3 (UT3)
ubiquitin-binding domain, flexible UT6 domain that has an
Npl4 binding site, and 2 short suppressor of high-copy PP1-
containing motifs that bind to VCP. UN has also been shown
to bind ubiquitin without VCP (49), which may indicate UN
binding to ubiquitin precedes UN binding to VCP in vivo. In
general, when VCP is complexed with the UN cofactor it is
able to recruit substrates by binding to polyubiquitin chains,
requiring at least 5 Lys48—linked ubiquitins for efficient bind-
ing and subsequent substrate processing (50, 51).

In vitro experiments suggest that D2 uses ATP hydroly-
sis to move a polypeptide substrate through the central pore,
unfolding substrate in the process (51). However, until re-
cently, there was doubt that VCP could move a polypeptide
through its pore due to the narrowness of the pore as seen by
X-ray crystallography (13). Cryo-EM has completely changed
our understanding of how VCP works. Within the central
pore, D2 contains conserved pore loops with aromatic residues
that are used for polypeptide translocation by VCP and similar
ATPases (52). D1, however, lacks aromatic residues in its
pore loops, and in vitro evidence suggests ATP needs only to
bind, and does not need be hydrolyzed, to allow substrate
processing (41, 51). To date, no evidence has demonstrated
how VCP is able to pull the polypeptide substrate through D1
to reach the strong aromatic residues of D2. D1 ATP hydroly-
sis is thought to be involved with substrate release, potentially
in conjunction with another cofactor, DUB, that can trim the
polyubiquitin chain, but the details of this process remain to
be elucidated (51).

In 2019, Twomey et al and Cooney et al published com-
plementary structures of VCP that further elucidate how VCP
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processes and recognizes substrate. Twomey used a known
in vitro substrate, while the Cooney structures show an
unidentifiable substrate from yeast (14, 15).

The Twomey study used Cdc48(E588Q) (a yeast VCP
mutant that can bind but not unfold substrate) and UN with a
polyubiquitinated substrate that contains an Eos fluorescent
protein which reports whether or not a protein is still folded.
Unfortunately, in the Twomey structure, UT6, the flexible
Ufd1 domain with an Npl4 binding site, was unable to be mod-
eled and there was no density seen for UT3, the Ufdl
ubiquitin-binding domain. Without substrate, the B-strand fin-
ger of the MPN domain of Npl4 is above the pore, but with
substrate bound the B-strand finger is no longer above the pore
leaving it open for substrate processing (14, 36). Two folded
ubiquitins were modeled at the top of the Npl4 tower with an
unfolded ubiquitin extending through an Npl4 groove and then
through D1 and D2 (Fig. 1A, B). Amino acids within the Npl4
groove are conserved between species, and mutations of these
amino acids decreases the ability to unfold polypeptides with-
out decreasing the ability of ubiquitin to bind to Npl4 or Ufd1
(14). Hydrogen-deuterium exchange mass spectrometry cor-
roborates that UN binds 1 unfolded and 3—4 folded ubiquitins,
which explains the observation that a minimum chain length
of 5 ubiquitins is necessary for efficient binding (51). Notably,
a structure published with human VCP (p97) did not show
ubiquitin unfolding, which may suggest important differences
in substrate engagement and recognition between Cdc48 and
wild-type (WT) p97 (48). However, more structures of Cdc48
and p97 will need to be solved with substrate engaged in order
to show whether there are in fact differences between yeast
and humans and whether these differences are physiologically
significant.

The structure of VCP’s ATP-bound state has been con-
troversial, similar to those of other AAA ATPases. In their
structure using ATP, Twomey et al found that D1 is bound to
ATP in all monomers. Ubiquitin can be threaded through both
D1 and D2 rings without ATP hydrolysis. The unfolded ubiq-
uitin only interacts with 2 of 6 monomers in the D1 ring with
both interactions being at methionine residue 288 in the DI
pore. D2, alternatively, connects to the unfolded ubiquitin at 4

of the 6 monomers, which form a staircase positioned to pull
the substrate through the pore to the trans-side of VCP. The 3
highest positioned monomers are ATP bound and the lowest
monomer bound to ubiquitin is ADP bound. D2 is positioned
further downward compared to D1, which was also seen previ-
ously without substrate when D1 and D2 were bound with
ATPyS (a nonhydrolyzable ATP analog that approximates
just before ATP hydrolysis) (14, 37).

Twomey et al also published a structure with ADP-BeF;
(an analog that approximates just after ATP hydrolysis). In
this structure, they found 5 monomers in contact with the poly-
peptide to make a staircase. Four of 5 monomers are bound to
ADP-BeF, and 1 monomer is likely ADP bound (ADP is left
over from purification and not able to be removed from solu-
tion). They hypothesize that the ADP-BeF, structure likely
represents one step further in the mechanism than what is seen
in the structure with ATP. The D2 ring of VCP contacts the
polypeptide backbone of the substrate with tryptophan at resi-
due position 561 and tyrosine at position 562 in the D2 pore
loop. These aromatic residues “pinch” every other peptide
bond indicating that the hydrolysis of each ATP molecule by
D2 moves the peptide 2 amino acids further through the pore
(Fig. 1E).

Cooney et al show that the amino acid side chains of
substrate intermingle between pore loop 1 residues, which
may add to the grip strength of VCP by increasing pore loop
contact with substrate. However, VCP primarily binds to the
substrate polypeptide backbone with aromatic residues in its
pore loops. Binding to the polypeptide backbone allows for
universality of VCP binding, eliminating the need for specific
amino acid sequences to function.

When a VCP monomer bound to substrate is at the low-
est position on the staircase, ATP is hydrolyzed and the mono-
mer prepares to move back to the top of the staircase to bind
the backbone of another amino acid (Fig. 1E) (14). A similar
mechanism has been seen with different single- and double-
ringed ATPases (33, 34, 53-55). VCP, however, is distinct be-
cause it has 2 aromatic rings that pinch the substrate instead of
1 (Fig. 1E). The additional aromatic ring that pinches the poly-
peptide backbone may provide VCP extra strength to unfold

FIGURE 1. Structures of valosin-containing protein (VCP) processing substrate, its mutations, and different conformational
arrangements sampled by VCP during its function. (A) VCP bound to Npl4 (red) and ubiquitinated substrate (green) with N-
domains (light gray) modeled in. N-terminal domains (NTD) (light gray) sit on top of the D1 ATPase ring (blue) that sits on top
of the D2 ATPase ring (purple). VCP has a C-terminal tail (dark gray) on the trans side of the ring (Atomic structure: PDB 60A9,
N-domains: EMDB 7479). (B) Cut-through of VCP bound to ubiquitinated substrate (green). The substrate is bound to Npl4
(red) on the cis side of VCP and travels through the pore, contacting the D1 ATPase ring (blue) and the D2 ATPase ring (purple)
(PDB: 60A9). (C) Disease-related VCP mutations shown on a VCP monomer. The multisystem proteinopathy (MSP) mutations
(orange) are associated with a variety of clinical phenotypes. The MSP mutations generally are near the interface of the NTD
(light gray) and the D1 ATPase ring (blue) and may change VCP to have a preference for the “up” conformation. The newly
discovered D395G mutation (pink) is associated with vacuolar tauopathy (PDB: 5C19). (D) On the left is the “down”
conformation of VCP that has the NTD (light gray) coplanar with the D1 ATPase ring (blue). The “down” conformation can bind
some VCP cofactors such as VIMP. The right is the “up” conformation of VCP that has the NTD (light gray) above the D1 ATPase
ring (blue). The “up” conformation is required for binding of the Ufd1/Npl4 (UN) cofactors (PDB: 5FTN, 5FTM). (E) The VCP D1
and D2 pore loop staircase processing substrate with hypothesized nucleotide bound states of the D2 pore (D1 nucleotide
bound states and how they correlate to D2 nucleotide bound states are still being investigated). Each side chain color represents
a monomer that moves down a position in the staircase and eventually returns to the top of the staircase. ATP is bound to all
monomers except those at the bottom of the staircase and in process of moving to the top of the staircase. W562 and Y561 are
the key aromatic residues in pore loop 2 that bind to substrate in the staircase. (PDB: 60AB).
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folded substrates, unlike the 26S proteasome that needs a flex-
ible polypeptide region. In a similar ATPase to VCP, ClpX, it
has been shown that more aromatic rings increase grip of the
protein (56). Of note, addition of aromatic rings in the D1 do-
main of VCP causes lethality in yeast (57). Lethality with ad-
ditional aromatic rings in the D1 domain could indicate that
too much grip in the D1 domain may be detrimental, poten-
tially due to problems in substrate release specifically. Future
experiments will need to be done to determine whether a
change in the number of aromatic residues in D2 affects sur-
vival. The structure containing ADP-BeF; also has a D1 stair-
case not seen in the ATP structure or any previous structure
(13, 36, 37). The additional D1 staircase may be an artifact or
transient state due to ADP-BeF; fixing the D1/D2 interaction
such that they cannot act independently.

VCP is the only complex known to unfold ubiquitin. For
ubiquitin to reach D2, it must be unfolded at least partially,
thus its unfolding is likely not solely due to the extra aromatic
residues in the D2 pore loop. Atomic force microscopy has
shown that pulling K48 in a ubiquitin chain can unfold ubiqui-
tin (58), and Npl4 may use its groove to lock K48 so that VCP
can unfold ubiquitin (14). Unfolding ubiquitin exemplifies the
power that VCP is able to generate and may play a role in how
the 26S proteasome could recognize substrates after VCP
processing. The 26S proteasome generally also requires ubig-
uitin, so if ubiquitin is not cleaved and able to refold on the
trans side of VCP, it may be used by the 26S proteasome for
recognition (discussed further below).

Cooney et al used co-immunoprecipitation to purify
Cdc48 with Shpl (a substrate-recruiting cofactor) directly
from Saccharomyces cerevisiae using ADP-BeF,. Shpl is not
found in humans, but human analogs of Shpl (p37, p47, and
UBXN2a) dissociate the inactive PP1-SDS22-I3 complex
(21). The NTD of VCP was shown to be in an “up” conforma-
tion (Fig. 1D) similar to that shown in the structure published
by Twomey et al, consistent with the fact that this conforma-
tion is necessary for substrate processing. Five of the mono-
mers have helical symmetry and grip substrate, similar to the
ADP-BeF; structure from Twomey et al. The sixth monomer
does not have helical symmetry with the others and has 2 dis-
tinct conformations that show the transition from substrate re-
lease to binding another amino acid at the top of the staircase.
They hypothesize that the interactions between monomers are
stabilized by ATP binding in D2. Therefore, hydrolysis in the
fourth monomer allows the fifth monomer to transition to the
asymmetric position of the sixth monomer. The sixth mono-
mer is no longer bound to ADP and is moving higher to grab
another segment of substrate. When the sixth monomer binds
ATP, it becomes monomer 1 (Fig. 1E) (15).

Twomey et al hypothesize that the cofactor DUB is nec-
essary to cut ubiquitin and allow for substrate release. The
Otul domain from DUB can bind to VCP and cleave the ubiqg-
uitin chain near the D1 domains, triggering the NTD to move
into the “down” conformation and release UN. Otul can re-
lease substrate with up to 10 ubiquitin molecules (51). If the
released ubiquitin can be refolded on the trans side of VCP,
the 26S proteasome may be able to immediately recognize and
continue processing the same substrate as the 26S proteasome
only needs 4 ubiquitins for recognition (59). However, as VCP

unfolds its substrate, the 26S proteasome may begin process-
ing the same substrate before VCP has released it, as there is
evidence that the 26S proteasome and VCP can cooperate in
the absence of DUB (31). In one in situ study of neurodegener-
ative aggregates, VCP was not found near the 26S proteasome,
so further investigations will need to be done to elucidate the
interaction of VCP and the 26S proteasome in physiologic sys-
tems (60).

As previously mentioned, VCP mutations have been
linked to neurodegenerative disease. Recently, Blythe et al
used cryo-EM to elucidate how these mutations alter VCP’s
structure and function. It had been shown that, in the absence
of substrate, MSP mutants of VCP increase ATPase activity in
D2 relative to WT VCP (Fig. 1C) (6, 61-64). However, there
was debate about whether this increased ATPase activity was
productive, detrimental, or inconsequential for substrate proc-
essing (65, 66). First, it was shown that the A232E mutation
has increased substrate processing, then later it was shown
that all MSP mutants process substrate and ATP faster than
WT (41, 67). Patients with MSP mutations are generally het-
erozygous for the mutations and thus likely have hexamers
that contain mixed mutant and WT monomers (23). In vitro
experiments have shown that heterohexamers of A232E VCP
mixed with WT VCP have intermediate substrate processing
ability between that of homohexamer A232E VCP and WT
VCP (67).

A near-atomic resolution structure of A232E VCP
shows VCP bound to the UN cofactor (67). The A232E mutant
structure resembles the overall conformation of previously
reported WT VCP structures without substrate (36, 37). The
A232E VCP structure has its NTD in the “up” conformation.
This conformation was first reported in a crystal structure of
VCP with D2 removed and ATPyS bound (68). Since then, it
has been shown to be the preferred conformation of full-length
WT VCP when ATP analogs are bound (14, 15, 36, 37). The
“up” conformation is thought to represent the active form of
VCP (Fig. 1D). This is supported by the fact that a structure of
VCP bound to an allosteric inhibitor demonstrated that the in-
hibitor worked by preventing VCP from forming the “up” con-
formation (37). It has also been shown that the “down”
conformation would cause a steric clash when VCP interacts
with its binding partner VIMP, suggesting that this conforma-
tion may be incompatible with activity in at least some scenar-
ios (Fig. 1D) (69).

MSP mutants favor the “up” conformation regardless of
their nucleotide bound state, unlike WT VCP (63, 69-73). UN
binds A232E VCP 12 times stronger than it binds WT VCP
with ADP bound and 65 times stronger with ATP bound. The
difference notably only applies to the “on”-rate, with no
change in the “off”’-rate; therefore, the increased binding affin-
ity is likely due to a preference of MSP mutants for the “up”
conformation. Similar results were shown with R155H and
T262A VCP mutants (Fig. 1C) (69).

Using 2D class averages from single-particle cryo-EM,
Blythe et al classified A232E and WT VCP into groups of
“up,” “down,” or “mobile” NTD’s. When ATP is bound, they
found that WT may be up, down, or mobile, but A232E VCP
is only found in the up or mobile states. With ADP bound, WT
was never up, but A232E can still be up with a large number
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of particles being in the mobile state. Using 2D class averages,
Blythe et al were able to show that MSP mutants stabilize the
“up” conformation or destabilize the “down” conformation
(67). UN binds to VCP in the “up” conformation, thus the
MSP mutants have a faster “on”-rate of UN because they are
more likely to be in the “up” conformation. The preference for
the “up” conformation by the MSP mutants even when bound
to ADP supports data that show MSP mutants did not decrease
their affinity for cofactor VIMP when bound to ADP as com-
pared to ATPyS (69).

The affinity for the “up” conformation seems to indicate
that the MSP mutations of VCP are in fact a gain of function
(GOF) mutation, in opposition to the proposed “dominant neg-
ative” theory that proposes MSP mutations lead to a loss of
function in VCP even with one WT VCP allele (65, 66). How
the GOF seen in MSP mutations relates to human MSP disease
is less clear. Blythe et al 2019 suggest that MSP mutants could
outpace the 26S proteasome, thus leading to a build-up of
product from VCP that is not further degraded by the 26S pro-
teasome. Their theory is supported by the fact that aggregates
are ubiquitinated and thus may have already been processed
by VCP (74). However, recent cryo-EM structures and studies
of neurodegenerative protein aggregates have not definitively
concluded whether ubiquitination precedes or postcedes ag-
gregation in all cases (75-77).

Blythe et al also calculate that MSP mutant VCP binds
most of the cellular UN, leaving no free UN within cells.
Mitophagy may need free UN to initiate substrate binding
(78). Substrate may also need to bind UN before it can be
processed by VCP in a cellular environment, though this is not
supported by in vitro data (41, 51, 67). No matter the exact
mechanism, MSP mutations may lead to less free VCP and/or
UN and cause a loss of function in other VCP or UN pathways.
For example, UBXD1 has a decreased affinity for MSP mutant
VCP, as UBXD1 prefers the “down” conformation for binding
(28,71, 72). Analysis of patients with MSP mutations has sug-
gested that the lysosomal degradation pathway mediated by
UBXD1 may fail in the context of the MSP mutations (27, 28,
79, 80). A dysfunction in the lysosomal degradation pathway
supports that the MSP mutations may cause failure of other
UN or VCP pathways. Additionally, the cellular localization
of VCP is affected by its cofactors, thus if VCP is bound solely
or predominantly to UN, it may not be able to fulfill its func-
tion in other parts of the cell (43, 49, §1-84).

A novel VCP mutation, D395G, was recently reported
to present with tau pathology (Fig. 1C) (6). Interestingly, the
D395G mutation shows lower ATPase activity and less ability
to process substrate than WT or MSP mutant VCP (6). The pa-
thology seen in patients with the D395G mutation is distinct
from the pathology seen with MSP mutations. This mutation
has not been characterized as fully as the MSP mutations, so
there remains much to learn. However, these findings may
suggest therapeutic potential or mechanistic relevance for
VCP in more common neurodegenerative diseases such as
Alzheimer disease.

Though cryo-EM structures have indicated how ubiquiti-
nated substrates are able to be recognized and processed by
VCP and how mutants may affect VCP structure and function,
we have only recently gained insight into how VCP may recog-
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nize and process substrates that are not ubiquitinated (22). VCP
has been shown to be able to recognize and unfold substrates
lacking ubiquitin, which may be related to the fact that this ac-
tivity is dependent on p37, suggesting that nonubiquitinated
substrate processing may be cofactor dependent (21). There-
fore, this phenomenon may be limited to specific substrates
VCP has evolved to recognize independent of ubiquitin. Future
structures may shed light on the ubiquitin-independent process
and demonstrate whether or not VCP interacts with different
substrates in different manners. As of yet, no structure of VCP
with an identifiable natural VCP substrate has been published.
This is a notable gap in our understanding of VCP as physio-
logic substrates may have different mechanisms of action with
VCP than those substrates studied in vitro.

Specifically, understanding how VCP recognizes and
processes highly stable neurodegenerative aggregates may be
crucial in understanding proteostatic dysfunction in neurode-
generative diseases. Mutations of VCP seem to be causative in
some aggregation-related neurodegenerative diseases. A full
understanding of how these mutations affect VCP in vivo and
the proteostasis pathway in general will likely lead to a more
complete understanding of neurodegenerative disease than we
currently have.

26S PROTEASOME

The UPS is a central component of a cell’s proteostasis
network, with roles in regulation of the cell cycle, apoptosis,
immune responses, inflammation, and response to proteotoxic
stress (85-87). The UPS is responsible for most of the regu-
lated protein degradation in eukaryotic cells (88). UPS is re-
sponsible for marking, removing, and degrading misfolded or
aggregated proteins, including those associated with neurode-
generative diseases (2). UPS is at the heart of the proteostasis
network, and so a build-up of defective protein aggregates
suggests an issue with the proteasome. UPS has been specifi-
cally implicated in the breakdown of amyloid precursor pro-
tein, tau, o-synuclein, and polyQ aggregates, which are
implicated in a variety of neurodegenerative diseases (§9-94).
It is also thought that aggregates may overwhelm or even in-
hibit the UPS, compounding proteostasis issues within in a
cell (60, 91, 95, 96).

Many structures of 26S proteasome (referred to as pro-
teasome here) have been published since the advent of cryo-
EM (33, 34, 60, 97-114). The proteasome protein complex is
particularly well-suited to cryo-EM due to its large number of
subunits and its conformational heterogeneity. Similar to
VCP, structures published in the past few years have signifi-
cantly changed the way that the proteasome complex is
viewed (33, 34,0 97). Previously, there were only low-
resolution (>9.0 A) structures of the proteasome degrading
substrate or structures of the proteasome with various ATP
analogs without substrate. These structures allowed for vague
hypotheses on the conformational changes and steps of sub-
strate degradation by the proteasome. New, near-atomic reso-
lution structures of the proteasome have allowed for a clear
understanding of the steps in the proteasomal degradation pro-
cess (33, 34). Additionally, new structures of the interface of
the AAA+ ATPase ring and core particle (CP) gate have al-
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tered the understanding of how subunits regulate its opening
7).

The proteasome is composed of the 20S CP that is re-
sponsible for proteolysis and 1 or 2 19S regulatory particles
(RPs) that cap the CP on one or both ends (Fig. 2A) (115,
116). The RP controls access to the CP to prevent unregulated
proteolysis within a cell. The CP is made of a stack of 4 hepta-
meric rings: o;_7-B1_7-P1_7-0.;_7. The N-terminal extensions of
the o rings control entry to the CP and the B rings form the cat-
alytic chamber for proteolysis (Fig. 2A, D) (117, 118). Pro-
teins are targeted to the UPS by ubiquitin, which is covalently
bound at lysines. Ubiquitin is then recognized and eventually
removed by the RP (Fig. 2B, C) (119). Unlike VCP, the pro-
teasome requires a flexible region of approximately 20-30
amino acids to initiate processing by the RP (120-122). As
discussed above, VCP may act in conjunction with the protea-
some. VCP can unfold substrates to allow the proteasome to
initiate processing with substrates that it could not otherwise
process (5, 31, 51).

The RP is further categorized into a base and a lid com-
plex. The lid has 9 RP non-ATPase (Rpn) subunits: Rpn 3, 5—
9,11, 12, and 15/Sem1 (86). Rpnl11 is a deubiquitinase located
above the central pore that removes ubiquitin from the protein
substrate after recognition (Fig. 2A, B) (102, 103, 123-125).
Rpnll is essential for cell viability and proper proteolytic
function of the proteasome (126—128). Rpn10 bridges the lid
and the base of the RP (129, 130). The base of the RP contains
3 ubiquitin receptors (Rpn 1, 2, 13) and 6 distinct AAA+
ATPases that form a ring (Rpt1-6) (131). The AAA+ ATPase
ring acts as the motor to unfold substrates, similar to VCP, and
feed them into the CP (Fig. 2A—C) (132). The Rpt subunits act
to regulate CP gate opening as will be discussed further below
(Fig. 2D) (133, 134).

Similar to VCP, the proteasome changes conformation
when bound to nucleotides and/or substrates. In the absence of
substrate, the proteasome likely adopts the “s1” configuration
in vivo, referring to the proteasome conformation that was de-
termined without substrate and without nucleotide present
(101, 103, 107). In contrast, a low-resolution structure of the
proteasome processing substrate was the first to show that the
proteasome undergoes significant conformational change
upon substrate processing (111). Here, we will focus on sub-
strate bound structures of the proteasome.

Substrate binding and initiation is regulated through
ubiquitin and the RP. Ubiquitin initially binds Rpt4-Rpt5
coiled coil (CC) domain near Rpnl11 and then is transferred to
Rpnll (Fig. 2A, B) (33). Ubiquitin interfaces with Rpnll in a
hydrophobic binding pocket (33, 135). The Rpt5 N-loop, in
conjunction with the insert-1 (Ins1) region of Rpnll, guides
ubiquitin toward the catalytic zinc-binding site within Rpnl1,
moving the isopeptide bond to a proper alignment for deubi-
quitination. The Rpt5 N-loop is disordered in other steps of
the cycle and the isopeptide bond is not visualized after this
step, indicating that ubiquitin is cleaved in this step (33). The
Ins1 region is maintained in an inactive state but switches to
an active state with ubiquitin binding, likely serving to ensure
that only substrates that are committed to going through the
proteasome are deubiquitinated (135). The substrate maintains

contact with Rpnl1 in a hydrophobic binding groove even af-
ter ubiquitin is gone.

To initiate translocation of substrate, Rpt6 rotates out of
the plane of the ATPase ring to open up the central ATPase
pore to allow substrate to enter, since prior to this rotation the
pore is too narrow for translocation to occur (33). Dong et al
hypothesize that ATP hydrolysis and release cause an “iris-
like” movement in the ATPase ring which allows for substrate
entry. Additionally, their series of structures show coordinated
ATP hydrolysis in the subunit directly across the ring, which
may increase the conformational flexibility of the ATPase
ring (Fig. 2C). Rpt1-Rpt2 help initiate translocation by verti-
cally rotating to the substrate at the top of the pore loop stair-
case as ATP binding at Rpt6 triggers pore-1 loop to bind to
substrate at the top of the staircase. The binding of pore-1 loop
to substrate moves substrate one peptide couplet forward
through the pore. ATP binding at Rptl and Rpt2 initiates their
engagement with substrate and repeats the cycle of movement
of dipeptide through the pore (Fig. 2C) (33). During the steps
of ADP release and ATP binding to Rptl and Rpt3, ubiquitin
is seen to dissociate from Rpnl1. When ubiquitin dissociates,
the ATPase ring repositions above the CP, resetting the protea-
some for subsequent protein degradation (33). Notably, unlike
Dong et al, de 1a Pena et al see ubiquitin bound to Rpn11 in all
the translational states of the proteasome, which may be due to
their method of stalling substrate in the proteasome by inhibit-
ing Rpnl1 (34). Both sets of structures, though, do support
that deubiquitination occurs during translocation when a sub-
strate is committed to going through the proteasome, not be-
fore translocation (Fig. 2C). Notably, there is evidence of
ubiquitin-independent processing by the proteasome, so the
mechanism of substrate recognition and initiation of transloca-
tion seen by Dong et al may not be the only possible mecha-
nism (136, 137).

During substrate translocation, the substrate spirals
through the central pore of the ATPase ring contacting the
pore-1 loop aromatic residues. The staircase formed by the
pore loops stays consistent in location, but the subunit at each
position changes throughout the process as substrate rotates
down through the pore (33, 34). The pore-1 loop aromatic resi-
dues use hydrophobic interactions to contact a dipeptide re-
gion, reminiscent of the mechanism seen in VCP (14, 15, 33,
34). Distinct from VCP, however, the pore-1 loops interact
with the amino acid side-chains but not peptide backbone of
the substrate (14, 15, 33, 34). These distinct substrate interac-
tions between VCP and the proteasome could decrease the
amount of force the proteasome can generate, affecting what
substrates it is able to process compared to VCP.

As substrate moves through the ATPase pore, the ADP
bound states rotate counterclockwise sequentially through the
6 Rpt subunits (Fig. 2C) (33, 34). The major conformational
change, however, does not occur with ATP hydrolysis and
phosphate release, but phosphate release loosens interactions
between subunits that prepares them for a major conforma-
tional change observed with ADP-ATP exchange (33, 34).
Three adjacent substrates coordinate nucleotide processing to
continually translocate substrate, 2 peptides at a time, similar
to VCP. One subunit hydrolyzes ATP, releasing a phosphate
and destabilizing its inter-subunit interactions, preparing itself
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FIGURE 2. The 26S proteasome structure with substrate processing and steps of substrate processing in the AAA+ ATPase ring.
Core particle (CP) gate regulation by AAA+ ATPase C-terminal tails is also shown. (A) The 26S proteasome with one regulatory
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to release substrate and move to the top of the staircase. A sec-
ond subunit releases ADP and rotates to the top of the stair-
case. A third subunit binds ATP and engages substrate at the
top of the staircase (Fig. 2C) (33, 34). Vertical rotation of the
subunit exchanging ADP for ATP simultaneously causes the
other subunits to move down as a rigid body to translocate
substrate (33, 34). A similar rigid body movement is seen with
ClpX, the hexameric protease of Escherichia coli (138, 139).
Each Rpt subunit of the proteasome takes a turn rotating to the
top of the staircase and then gradually moves in a conveyor
belt style to the bottom of the staircase.

The mechanism of substrate processing by the protea-
some is complex, but it can be simplified into 3 discrete and
sequential modes of substrate processing, as described by
Dong et al: Mode 1, Mode 2, and Mode 3. Beginning with sub-
strate binding, Mode 1 describes 2 oppositely positioned
ATPase subunits coordinate ATP hydrolysis to initiate sub-
strate binding. This pattern is similar to that seen previously in
the nucleotide-binding pattern of a substrate-free proteasome
structure and ClpX (99, 140). Next, in Mode 2, ATP hydroly-
sis in adjacent subunits initiates substrate translocation and CP
gate opening (discussed further below). Finally, in Mode 3,
ATP is hydrolyzed sequentially by subunits with a cyclical
fashion (Fig. 2C).

De la Pena et al note that one of their structures has an
“off-pathway” nucleotide bound state. The “off-pathway”
structure shows both Rpt5 and Rptl bound to ADP and not
bound to substrate. They hypothesize that this structure could
be due to RptS prematurely releasing a substrate. The Rpt5
pore-1 loop has a methionine rather than a lysine, which may
cause a weaker interaction with substrate that could be prone
to erroneous release, especially in the case of stalled substrate
that is seen in the de la Pena structures (34, 136). De la Pena et
al also note the “off-pathway” structure may represent a
“failed nucleotide exchange” by Rptl at the top of the stair-
case. Considering the structures from Dong et al that were
published after those of de la Pena et al, it is possible that the
“off-pathway” state is in fact capturing Mode 2, initiation of
substrate translocation, rather than an “off-pathway” state of
Mode 3, continued substrate translocation. Adjacent subunits
hydrolyze ATP simultaneously in initialization of transloca-
tion (Fig. 2C). Though the substrate is already translocated in
“off-pathway” structure, the stalling of the proteasome by an
Rpnl1 inhibitor could cause an erroneous hydrolysis of ATP
by adjacent subunits. This may happen because ubiquitin was
not cleaved; therefore, the proteasome still seems to be in an

initialization of translocation mode, Mode 2, rather than a
pure translocation mode, Mode 3.

De la Pena et al also hypothesize that during Mode 3
there are 12 possible conformations of the proteasome, in
which one subunit is not bound to substrate and is bound to ei-
ther ADP or ATP. They note that even though they only report
4 conformations of the helical staircase in Mode 3, previous
structures without substrate have captured all of the other con-
formations, except those in which Rpt6 is not bound to sub-
strate (97, 99, 100, 109).

Beneath the RP, CP gate regulation has been an area of
intense focus. It has been shown that the C-terminal tails of
the Rpt subunits facilitate CP gate opening by docking be-
tween o subunits (97, 98, 134). Three subunits (Rpt2, Rpt3,
Rpt5) contain an HbYX motif that was previously proposed to
mediate CP opening as determined by studies of the archaeal
proteasome and biochemical studies with HbYX peptides
(133, 134). However, structures of the proteasome showed
Rpt2, Rpt3, and Rpt5 C-terminal tail docking in the o ring of
the CP without an open CP gate (Fig. 2D) (34, 99, 100, 109,
111). Structures of the proteasome with open CP gates show
that Rpt1 and Rpt6 are also docked in the o ring (Fig. 2D) (34,
97, 99). Rptl and Rpt6 do not have the HbYX motif, but they
do have a conserved region in the same area that may function
similarly to the HbYX motif. The structural finding that open
CP gates occur with Rptl and Rpt6 tails docked in the o ring,
with support from biochemical studies of Rptl and Rpt6 C-ter-
minal tail mutations, suggests that Rptl and Rpt6 are actually
the C-terminal tails that regulate CP gate opening (97). Likely
Rpt2, Rpt3, and Rpt5 need to have their C-terminal tails
docked for the CP gate to open, but Rptl and Rpt6 are the C-
terminal tails that regulate whether or not the CP gate is open
(Fig. 2D). Knowledge of which C-terminal tails regulate CP
opening may help with specifically targeting the proteasome
in disease modifying therapies.

Though there are many similarities between VCP and
the proteasome, one difference that may affect function and
substrate choice is that the proteasome requires a flexible re-
gion for initiation. Many proteins within a cell contain flexible
regions of more than 30 amino acids (141). However, proteins
that do not have long flexible regions still require a degrada-
tion pathway. Biochemical evidence suggests that VCP can
unfold proteins, so they can be degraded by the proteasome
(31). Elucidating how these 2 proteins work together will be
critical to understanding the mechanism and regulation of the
degradation pathway for proteins lacking a flexible region or

in substrate recognition by the RP. The CP below the RP has a set of a-rings (dark green) on either side of the pair of stacked B-
rings (slate gray) that make up the catalytic chamber (PDB: 6MSD). (B) The 26S proteasome with ubiquitinated substrate bound
to the regulatory particle. Rpn11 (purple) binds ubiquitin (green) and holds it so substrate (red) can be fed through the AAA+
ATPase ring (blue) of the RP. After going through the RP, substrate passes through the CP gate created by the o-ring of the CP
(dark green), before entering the catalytic chamber made of the B-rings of the CP (slate gray) (PDB: 6EF3). (€) The 3 modes of
nucleotide processing in AAA+ ATPase (blue) of regulatory particle. Mode 1 corresponds to ubiquitin binding and engagement
of substrate. Mode 2 is the initiation of translocation and release of ubiquitin. Mode 3 is the sequential ATP hydrolysis that
powers substrate through the central pore (PDB: 6MSG, 6MSD, 6MSE, 6MSH, 6MS], 6MSK). (D) A model of C-terminal tail
regulation of core particle gate. The N-terminal extensions of the a-ring subunits (dark green) keep the CP gate closed until Rpt
subunits dock their C-terminal tails between monomers. Rpt3, Rpt2, and Rpt5 are necessary, but not sufficient for CP gate
opening. Rpt1 and Rpt6 C-terminal tails docking between a-ring subunits are what allows for the CP gate to open (PDB: 6MSE,

6MSH).
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that are too difficult for the proteasome to degrade, such as
neurodegenerative aggregates.

VCP and the proteasome are likely intertwined in their
neurodegeneration-related dysfunction. However, further re-
search is necessary to understand this dysfunctional relation-
ship. Mechanistic understanding of the VCP-proteasome
interaction could be harnessed to develop new therapeutics for
neurodegenerative disease or understand how neurodegenera-
tive disease initiates and progresses.

Hsp104

Hspl104 is an AAA+ ATPase and part of the Hsp100
class of chaperone proteins. It functions as a disaggregase and
is found in yeast as well as in all nonmetazoan eukaryotes,
eubacteria, and some archaebacteria (142, 143). Metazoa use
alternatives to Hsp104 to achieve similar functions. Disaggre-
gases such as Hspl104 or similarly engineered proteins may
present therapeutic potential in the prevention or treatment of
diseases of protein aggregation that currently have no effective
therapies (144—152).

Variants of Hsp104 have been shown to disaggregate
seminal amyloid fibrils that promote HIV infection, in addi-
tion to aggregates of TDP-43, a-synuclein, and FUS that are
highly correlated with neurodegenerative disease (9—12). Not
only were these Hsp104 mutants able to dissolve fibrils, but
they were also able to rescue dopaminergic degeneration from
a-synuclein in Caenorhabditis elegans and reduce FUS toxic-
ity in mammalian cells (FUS is an RNA-binding protein
whose aggregates are associated with ALS) (11, 153). In yeast,
Hspl104 enables proteasomal degradation of proteins and
extracts insoluble proteins of ERAD, similar to the function of
VCP, and also imports cytosolic proteins into the mitochon-
dria for degradation (154-157). Hsp104 also plays a role in
the phase properties of membrane-less organelles, or stress
granules that have been implicated in the pathophysiology of
neurodegenerative diseases such as ALS, FTD, and AD (158-
160). Hsp104 has been shown to remove stress granules after
stress is removed (158, 159, 161).

Hspl104 is composed of an NTD, ATPase domain 1
(D1), middle domain (MD), D2, and C-terminal domain
(CTD) (Fig. 3A) (143). The NTD has been implicated in sub-
strate engagement and the CTD assists with hexamerization
(162—164). Similar to VCP and the proteasome, D1 and D2
have flexible pore loops that bind to substrate and give
Hsp104 its functionality (143, 165). The D1 and D2 domains
allow Hspl04 to remove proteins from a wide variety of
aggregations or complexes, including preamyloid oligomers,
phase-transitioned gels, disordered aggregates, amyloids, and
yeast prions (149, 158, 159, 166—177). Yeast prions are neither
infectious proteins nor disease related, but rather drive differ-
ent phenotypes in yeast and are named prions based on their
prion-like behavior on a biophysical level.

Distinct from the proteasome and what has been shown
so far with VCP, Hsp104 can have partial or complete trans-
location of substrate across its pore (Fig. 3B). Complete or
partial translocation of substrate by Hsp104 is thought to be
correlated with aggregate stability (165, 167, 178—182). Less
stable aggregates are thought to have a noncooperative
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mechanism of disaggregation by Hspl04 subunits, while
more stable aggregates, like amyloids, have a cooperative
mechanism of disaggregation by Hspl104 subunits (167,
174). In the cooperative mechanism, Hsp104 subunits work
together to unfold aggregates. Hsp104 can also initiate disag-
gregation at an internal segment of protein aggregates
(Fig. 3B) (180, 182). Neither VCP nor the proteasome is
known to initiate substrate processing at an internal segment,
thus Hsp104 may possess a unique ability that expands its
disaggregation potential. It remains possible that VCP, and
less likely the proteasome (due its lid subunits, Fig. 2A), may
be able to initiate processing in a similar manner, but this has
never been observed.

The disaggregase activity of Hsp104 is enhanced by the
Hsp70 chaperone system that includes Hsp70 itself in addition
to Hsp40 and Hsp110 (167, 170, 173, 183-186). Hsp70 binds
to the MD of Hsp104 and is thought to bind polypeptides in or-
der to deliver partially unfolded stands of polypeptides to
Hspl104 (Fig. 3A) (187-190). Though Hsp70 stimulates the
disaggregase activity of Hsp104, unlike VCP and the AAA+
ATPases of the proteasome which require cofactors or addi-
tional subunits to engage substrate, Hsp104 has an intrinsic
ability to engage and process specific aggregates (11, 166,
167, 172, 191-193). Hsp70, however, may still be important
for targeting certain types of aggregates, and thus should be
considered in proposals to use Hspl04 as a therapy for dis-
eases of protein aggregation (181, 186, 190, 194).

Structures of Hspl104 by cryo-EM at high resolution
have been generally difficult to determine. However, Gates et
al were able to capture Hsp104 processing casein, a model
substrate, at about 4.0 A resolution to elucidate one mecha-
nism Hsp104 uses to process substrate (Fig. 3A). Yokom et al
published a relatively high-resolution (5.6 A) structure of
Hsp104 bound to AMP-PNP; however, this structure likely
represents an inactive state for Hsp104 when compared to the
Hsp104 structure bound to casein reported in Gates et al. Gates
et al found 2 structures of relatively equivalent proportions in
their samples that they deemed “closed” and “extended” states
for Hsp104. The structures resemble those seen for VCP and
the proteasome, indicating that at least one mode of processing
by Hsp104 is similar to that of VCP and the proteasome.

The “closed” structure shows 5 subunits contacting ca-
sein within the pore, while the sixth subunit breaks the helical
structure at an intermediate elevation compared to the other 5
subunits (Fig. 3C). The structured pore loops show that aro-
matic residues Y257 and Y662 are important for substrate
contact and thus translocation of substrate through the central
pore. Similar to VCP and the proteasome, every other amino
acid is bound by adjacent subunits so that each power stroke
of the hexamer moves the 2 substrate amino acids through the
pore.

The “extended” conformation shows an intermediate
step in the processing pathway that has not been seen in pro-
teasome or VCP structures, but may exist in their respective
pathways, depending on the order of the top monomer binding
substrate and the bottom monomer releasing substrate. The
“extended” conformation shows all 6 subunits bound to sub-
strate (Fig. 3C). The “extended” conformation is likely the
state immediately before or after the “closed” conformation,
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FIGURE 3. The Hsp104 structure, different modes of translocation, and sequential processing of substrate using its pore loop
staircase. (A) Upper: the surface view of Hsp104 ATPase domain 1 ring (D1, blue) on top of D2 ATPase ring (purple) bound to
substrate (gold) (PDB: 5VJH). Lower: the domain architecture plot of Hsp104 including domains not in the structure shown
above (N-terminal domain [NTD]: red, D1: blue, MD: green, D2: purple, CTD: dark gray). (B) Models of partial and complete
modes of substrate translocation by Hsp104. Partial translocation does not pull substrate (gold) all the way through the pore, but
releases it separated from other parts of the complex. Complete translocation unfolds substrate pulling it all the way through the
Hsp104 pore, dissociating each monomer. (C€) The possible order of events for Hsp104 staircase in substrate processing that
shows a monomer binding to substrate (gold) at the top of the pore loop staircase prior to a monomer releasing substrate at the
bottom of the pore loop staircase. The side chain colors correspond to each monomer and its movement through the staircase.
Y257 is the key residue in pore loop 1 and Y662 is the key residue in pore loop 2 (PDB: 5JVH, 5VYA).

in which the subunit at the top of the staircase has just con-
tacted substrate and the subunit at the bottom of the staircase
has yet to release substrate. However, the “extended” confor-
mation may also represent a distinct step from the proteasome

pathway. Structures of the proteasome have shown 2 subunits
unbound from substrate, raising the question of which step
comes first: the release of substrate or the engagement of sub-
strate at the top of the helical staircase (34). Additionally, ei-
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ther the proteasome structure with 2 unbound subunits or the
Hsp104 structure with 6 bound subunits may represent a non-
physiologic state due to the addition of ATPyS or a deubiquiti-
nation inhibitor (34, 165). No matter which theory is true, the
“extended” state is a state that has been seen in Hsp104 by
cryo-EM, but not with either the proteasome or VCP.

The nucleotide state of the “extended” structure is remi-
niscent of that seen with VCP, where 5 subunits are bound to
ATP and are either bound to substrate or are primed to bind
substrate, with the sixth subunit bound to ADP, preparing to
disengage from substrate (14, 165). The nucleotide state of the
“closed” structure may provide insight into the order in which
the 2 ATPase rings hydrolyze ATP to prepare for disengage-
ment. The “closed” structure shows 4 D1 subunits bound to
ATP and 3 D2 subunits bound to ATP, indicating that D2 may
hydrolyze ATP before D1 to release substrate at the bottom of
the staircase (165).

Hsp104 likely needs both complete and partial translo-
cations to be an effective disaggregase (Fig. 3B) (167, 195).
Gates et al propose that switching between the inactive or
“open” state seen bound to ADP or AMP-PNP and the
“closed” state they present may allow for the partial transloca-
tion or “pulling” on substrates (165, 196). It is additionally
thought that maybe Hsp104 can adapt to different substrates
(167). As previously noted, Hsp104 has a unique ability to ini-
tiate disaggregation at an internal segment (Fig. 3B) (180,
182). Though no structure to date has shown this explicitly,
the seam seen between the top subunit and its counterclock-
wise neighbor may allow for substrate insertion from the side
of Hsp104 rather than through the top of the pore (165, 196,
197). As has been seen in structures of VCP, the proteasome,
and Hsp104, when ATP is hydrolyzed there is increased ring
flexibility to allow for large movements of a subunit to the top
of the ring (14, 15, 33, 34, 165). The increased flexibility may
allow for the ring to open enough for substrate to enter from
the side, conveying an expanded array of substrates that can
be processed. If Hsp104 indeed has a greater ability to process
aggregates and help cells cope with stress, it may be of great
benefit to treating or preventing neurodegenerative diseases
associated with aggregates.

C9orf72

A hexanucleotide GGGGCC repeat expansion (some-
times referred to as G4C,) in the 5’ noncoding region of the
gene CY9orf72 accounts for most familial cases and some spo-
radic cases of ALS/FTD (198-200). The effects of the
C9orf72 hexanucleotide repeats are still actively studied but
have generally been put into 2 boxes: loss of function and
GOF. Loss-of-function effects include decreased C9orf72
transcript and protein (198, 199, 201, 202). C9orf72 is essen-
tial for monocyte function and normal axonal actin function in
motor neurons, with restoration of WT C9orf72 rescuing
model neurons (202-204). GOF effects include the generation
of dipeptide repeat proteins and also perhaps RNA G-quadru-
plexes that disrupt neural function and lead to neural death
(60, 205-215). Although the GGGGCC repeat is found in a
noncoding region, there are sense and antisense transcripts
translated in all reading frames which produce 5 different
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WDR41

FIGURE 4. Structure of C9orf72 in complex with SMCRS,
WDR41. (A) Monomeric and dimeric structures of C9orf72
(blue), SMCR8 (orange), WDR41 (purple) complex with key
domains labeled. The DENN domains are predicted to be
guanine nucleotide exchange factors for Rab GTPases. The
DENN domains are the interface of C90rf72 and SMCR8 (PDB:
6LTO, 6V4U).

DPR’s (GA, GR, GP, PR, PA), with inclusions mostly contain-
ing poly-GA (215-219). Poly-GA has been shown to be toxic
both in primary neuron cultures and in mice (220-225). With
poly-GA toxicity, aggregates sequester UPS components and
cells show an impairment in the UPS (221, 223-225). Parts of
the C9orf72 complex itself have also been shown to bind 65
proteins involved in neurodegenerative disease, including the
26S proteasome and other UPS components (8). C9orf72 is
unique because it is involved in both regulating proteostasis
and aggregation, bridging 2 domains of neurodegenerative
disease pathophysiology.

C9orf72, SMCRS, and WDR41 form a complex (CSW)
that helps to regulate autophagy through interactions with
ULKI1 and other proteins (Fig. 4A) (7, 8, 226-228). Knocking
out C9orf72 causes a defect in autophagy, indicating that
C9orf72 is a positive regulator of this process. In contrast, an
SMCRS knockout causes increased ULK1 expression, sug-
gesting that it is a negative regulator (226, 229, 230). WDR41
has been localized to the ER and is thought to target the CSW
complex to lysosomes via PQLC2 interaction (231-234).
C9orf72 and SMCRS8 have DENN domains and are both pre-
dicted to be part of the DENN family of proteins that are best
known for their role as guanine nucleotide exchange factors
(GEFs) for Rab GTPases (Fig. 4A) (235-240). Rab proteins
are GTPases generally involved in membrane trafficking and
are key in a diversity functions depending on their location.
The C9orf72/SMCRS8 complex has been shown to regulate
Rab-positive endosomes, which regulate protein trafficking,
and Rab8a/Rab39b in membrane transport that may be in-
volved in axonal growth and ciliogenesis in neurons (226,
241-244). Though the complete function of C9orf72 remains
elusive, 2 independently solved structures of the CSW com-
plex using cryo-EM led to similar conclusions about the func-
tion of C9orf72 and the CSW complex (Fig. 4A) (245, 246).

The 2 recently solved structures of the CSW complex
found very similar structures, except that one was a dimer of
trimers and the other was a solitary trimer (Fig. 4A) (245,
246). This difference may be due to in vitro artifacts, but fur-
ther studies are required to determine the physiologic rele-
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vance and function of the dimerization. Each trimer showed
that C9orf72 uses its DENN domain to bind to the DENN do-
main of SMCR8. WDR41 binds the DENN domain of
SMCRS8 but does not physically contact C9orf72 (Fig. 4A).
C9orf72 alone cannot bind WDR41 (245). SMCR8 was shown
to cluster with PQLC2 in cells under starved conditions, but
only if it was able to bind to WDR41, indicating that this inter-
action between SMCRS8 and WDR41 is necessary to target the
CSW complex to lysosomes (246).

The dimer of trimers solved by Tang et al shows that the
dimer has an almost 2-fold rotational symmetry and the dimer
interface is located at the C-terminus of C9orf72 and the
DENN of SMCRS (Fig. 4A). A ACTR mutant (deletion of the
C-terminal region of C9orf72) was able to make the singular
trimeric CSW complex, with the same affinity of C9orf72/
SMCRS8 to WDR41. However, this mutant prevented dimer-
ization (245). The C-terminal region of C9orf72 (amino acids
461-481) is highly conserved between species, thus there may
be conserved functionality of this region (245). If the dimer-
ization of the trimeric CSW complex is physiologic, the C-ter-
minal region of C9orf72 likely has a key role in mediating the
complex’s structure.

Predicted as a likely a GEF due to the DENN domains,
structural comparison to known functional GTPase activating
proteins (GAPs) showed that maybe the CSW complex had a
different function than what was predicted due to similar
motifs (245-249). Further characterization showed that CSW
is not actually a GEF as predicted by the DENN domains in
C9orf72 and SMCRS, but is in fact a GAP (245, 246). CSW is
a GAP for Rab8a/11a and Arf1/5/6. Rab8a and Rabl1a play a
role in ciliogenesis and axonal growth in neurons (243, 244).
Arf’s are found on golgi, endosomes, plasma membranes, and
cytoskeleton and within the cytosol (250). CSW, however, did
not act as a GAP for lysosomal Arf-like proteins Arl8a and
Arl18b (246).

C9orf72 alone was not sufficient to stimulate Rab hy-
drolysis of GTP. However, the CSW complex was able to af-
fect Rab8a and Rablla with or without WDR41 (245).
Additionally, the CSW complex was able to stimulate Rab8a
and Rablla as either a single trimer or a dimer of trimers,
leaving the functional relevance of a dimer of the CSW com-
plex still unresolved (245).

Though complex, subtle, and largely still a mystery, de-
termining the correct function of the CSW complex is impor-
tant in understanding the mechanism of disease, how to make
effective models, and how to effectively treat disease. The re-
cent structures of the CSW complex show the power of cryo-
EM to provide insight into protein function. Already, the pub-
lished structures of the CSW complex have shed light on how
C9or1f72 and the CSW complex may affect autophagy and the
proteostasis pathway indirectly. Whatever the role of C9orf72
in neurodegeneration, the functional data indicate that it likely
does not act alone. SMCRS has emerged as a key factor in
C9orf72-mediated activity. With much focus on C9orf72 as a
causative agent in ALS/FTD, SMCRS8 and other proteins that
interact with C9orf72 may be of great interest in resolving the
mechanism of disease development and progression.

In addition to in vitro characterization of the CSW com-
plex, in situ structural analysis of cells similar to those seen in

C9orf72 patients has provided insight on the mechanism of
disease. Using GFP-tagged poly-GA in rat neurons, Guo et al
created aggregates of similar size and intensity to those seen
in C9orf72 patient tissues (60). Cryo-ET was used to image
the neurons and visualize the aggregates in situ. Unlike single-
particle cryo-EM, cryo-ET allows for imaging inside of cells
in an even more physiologic environment than in vitro experi-
ments. Densities near the poly-GA aggregates were identified
as the 26S proteasome. The proteasome was found at about
30-fold higher concentration in the region of aggregates com-
pared to the body of the neuron and to cellular processes of
control neurons that were previously imaged by cryo-ET (60,
251). Proteasome expression did not increase, thus the in-
crease in concentration was due to sequestration of the UPS in
the region of the aggregates. Guo et al deemed many protea-
some structures to be “stalled” on the aggregates (60). This in-
sight provided by in situ analysis may explain the dysfunction
seen in the UPS with DPRs. If the UPS is being sequestered
and even stalled by aggregates without a compensatory in-
crease in expression, then the UPS cannot effectively perform
normal proteostasis in other parts of the cell. Without proper
UPS function, cells are at risk for aggregation and general im-
balance of their proteome, which may lead to neurodegenera-
tive diseases such as ALS and FTD.

C9orf72 has an interesting role in the pathophysiology
of ALS and FTD as a promoter of normal proteostasis in the
CSW complex and in the inhibition of normal proteostasis due
to pathologic aggregates that impair or sequester the UPS. Un-
like the other proteins reviewed here (VCP, proteasome,
Hsp104), our understanding of C9orf72 protein function in
disease pathophysiology is relatively less understood, and in-
deed it is yet uncertain whether C9orf72 mutations cause dis-
ease through GOF mechanisms that are distinct from the
normal function of C9orf72 protein.

CONCLUSION

Our structural understanding of proteostasis factors has
greatly expanded within the past 4 years thanks to the effective
implementation of new cryo-EM technologies. This enhanced
structural understanding of VCP, the 26S proteasome,
Hsp104, and C90orf72 has also provided insight into their func-
tion and their broad roles in cellular functions (Table). Knowl-
edge of the structure and function of these factors moves the
field of neurodegeneration one step closer to understanding
how the proteostasis pathway fails and why it fails, an under-
standing that is likely necessary to effectively combat neuro-
degenerative disease. Understanding how these protein
pathways function may allow for better disease models. Cur-
rent disease models in animals or cells may not take into ac-
count the proteostasis pathways to most effectively model true
human-relevant neurodegenerative disease.

With our aging demographic and the increasing burden
of neurodegenerative diseases, effective therapies are lacking.
Current therapies do not target pathophysiologic mechanisms.
Thus far, direct targeting of protein aggregates has not proven
therapeutically effective. As has been discussed here, other
factors besides aggregates may play a driving or primary role
in disease course. Targeting these proteostasis factors may
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prove fruitful in terms of understanding disease mechanisms
and developing novel therapeutics.
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