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The AAA proteins are a family of enzymes that play key roles in

diverse dynamic cellular processes, ranging from proteostasis

to directional intracellular transport. Dysregulation of AAA

proteins has been linked to several diseases, including cancer,

suggesting a possible therapeutic role for inhibitors of these

enzymes. In the past decade, new chemical probes have been

developed for AAA proteins including p97, dynein, midasin, and

ClpC1. In this review, we discuss how these compounds have

been used to study the cellular functions and conformational

dynamics of AAA proteins. We discuss future directions for

inhibitor development and early efforts to utilize AAA protein

inhibitors in the clinical setting.
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Introduction
The ATPases Associated with diverse cellular Activities

(AAA proteins) are a family of enzymes that convert the

chemical energy of ATP into mechanical work, such as

protein unfolding or directional transport [1,2]. True to their

name, the AAA proteins play critical roles across a wide array

of cellular processes ranging from ribosome assembly to

proteolysis and microtubule-based intracellular transport.

Studying the AAA proteins in physiologic contexts has been

challenging, as many AAA protein-driven processes are

essential for survival and are often carried out on the time-

scale of seconds to minutes. An additional impediment to

their study is that AAA proteins generally function as oligo-

meric ensembles and often associate with even larger com-

plexes to function as macromolecular machines that can be

megadaltons in size (Box 1 summarizes the structural fea-

tures of AAA proteins). Knock-down ofAAA proteins (e.g. by
www.sciencedirect.com 
shRNA) can often take longer than many of the cellular

processes they are involved in and thereby lead to the

accumulation of phenotypes not directly linked to their

functions. Destabilization of multi-protein complexes also

has the potential to cause dominant negative effects. Simi-

larly, the slowly or non-hydrolyzable ATP analogsoften used

to study AAA proteins in vitro are poorly suited for studying

these enzymes in cellular contexts, as they are generally

unable to cross cell membranes and tend to inhibit multiple

different enzymes.

Cell-permeable chemical inhibitors of AAA proteins have

the potential to overcome many of these challenges. They

can act on timescales that match the processes driven by

these enzymes, limiting the degree to which cells can

activate compensatory pathways or accumulate indirect

effects. By acting on native enzymes, they can circumvent

the need for genetic manipulation of essential genes,

which is often cumbersome in cell culture or model

organism studies.

The first cell-permeable chemical inhibitors of eukaryotic

AAA proteins were reported for p97 (or VCP) [3] and

dynein [4��] (Figure 1). There are now over 10 chemically

diverse inhibitors for the eukaryotic unfoldase p97, and

some of these have been the subject of follow-up studies

that shed light on the cellular and biochemical mecha-

nisms of p97 activity (summarized in Figure 1a and

reviewed elsewhere [3,5]). Inhibitors with distinct che-

motypes are also available for the microtubule-based

motor protein dynein and these have likewise been

utilized to elucidate this enzyme’s role in cellular pro-

cesses [10,20]. In contrast to p97 and dynein, relatively

few probes are available for other AAA enzymes: three

peptide-based ligands are known for the prokaryotic

unfoldase ClpC1 and heterocycle-based small molecule

probes have been identified for the large AAA midasin, as

well as katanin, Drg1, LuxO, and, more recently,

RUVBL1/2 and Spastin (Figure 1b). In this review, we

highlight ways in which AAA inhibitors have been used to

dissect cellular mechanisms, focusing on inhibitors of

dynein and midasin. We also discuss how chemical inhi-

bitors have enabled mechanistic analysis of the AAA

proteins themselves by trapping midasin, p97, and ClpC1

in unique conformational states.

Using chemical inhibitors to probe
intracellular dynamics
Dyneins are AAA proteins that drive directional motion in

cells along microtubules. Microtubules are polarized
Current Opinion in Chemical Biology 2019, 50:45–54
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Box 1 Overview of AAA structure and function
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(a) Schematic of AAA domain secondary and tertiary structure showing N-terminal domain (blue), large (dark green), and small (light green)

subunits. (b) Hexameric arrangement of AAA domains characteristic of AAA proteins, as viewed from above or below the plane of the ‘ring’, with N-

terminal domains omitted. (c) Nucleotide binding site is at junction of adjacent large subunits. The small subunit of one AAA domain (‘n’) and the

large subunit of the next AAA domain (‘n + 1’) often associate tightly and move together in a nucleotide binding site occupancy-dependent fashion

as ‘rigid bodies.’ N-terminal domains are omitted. (d) Classes of AAA proteins and the corresponding domain arrangement. Class I and II AAA

proteins usually form hetero-hexameric or homo-hexameric ensembles while dynein and midasin contain six AAA domains in a single polypeptide,

with additional unique domains extending from the ring to perform specialized functions (e.g. microtubule and cargo binding in the case of dynein,

shown in black). In class I and II AAA proteins, N-domains are diverse in terms of structure and size and often mediate interactions with AAA

substrate/client proteins. (e) Unfoldases such as p97 and ClpC1 disassemble protein complexes and unfold protein substrates; unfolded products

are threaded toward proteases or recycled for other purposes. (f) Cytoplasmic dynein operates as a dimer and moves cargo toward minus-ends of

microtubules (MT).
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Figure 1
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Small molecule ligands of AAA proteins. (a) Selected p97 inhibitors that were discussed in this review (a more comprehensive overview of p97

inhibitors is available elsewhere [3]). (b) Small molecule ligands of other AAA proteins. Ligands are generally protein antagonists except for activity

consistent with enzymatic activation for the katanin ligand [56] and modulation of protein activity for the ClpC1 ligand Cyclomarin A. Structures not

shown for peptide-based ClpC1 antagonists ecumicin [57] and lassomycin [58]. Other probes not discussed in this review include diazaborine and

CV-133, which inhibit Drg1 and LuxO, respectively [59,60]. Two AAA protein inhibitors were described while this manuscript was under revision,

spastazoline and CB-6644, which inhibit spastin and RUVBL1/2, respectively [61–63]. Compounds in blue were identified through screening and/or
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filamentswithbiochemicallydistinct ‘plus’ and‘minus’ ends.

Whereas most eukaryotic cells have several motor proteins

that move toward microtubule plus ends (e.g. >40 kinesins in

humans), minus-end directed transport depends mainly on

one dynein isoform, cytoplasmic dynein 1 in eukaryotic cells

[6]. As a result, cytoplasmic dynein 1 transports cargoes

ranging from whole organelles to mRNA particles and also

plays a role in the assembly and function of microtubule-

based subcellular structures such as the mitotic spindle [7].

Other dynein isoforms have more specialized functions. For

instance, cytoplasmic dynein 2 drives motion within

microtubule-containing cilia and flagella, a process known as

intraflagellar transport (IFT; cytoplasmic dynein 2 is also

known as IFT dynein) [8]. Axonemal dyneins drive the

beating of cilia and flagella [9].

Given dynein’s role in dynamic cellular processes, fast acting

inhibitors that could selectively disrupt dynein-driven

motion had long been sought. Yet until this decade, dynein

antagonists were limited by the combination of poor selec-

tivity for dynein and poor cell permeability [10]. An impor-

tant advance came in 2012 with the discovery that a class of

inhibitors of the Hedgehog pathway—which plays roles in

metazoan morphogenesis and tumor biology—inhibit cyto-

plasmic dyneins [4��,11]. These compounds, named the

ciliobrevins, were shown to block dynein-driven transport

in vitro and in cells, although with limited potency

(concentrations of 20–100 mM are generally required for

dynein inhibition). Synthesis of close analogs of the cilio-

brevins led to derivatives with improved dynein isoform

selectivity [12] and chemical-structure guided modification

of the ciliobrevin scaffold led to the dynapyrazoles, a class of

dynein inhibitors with improved potency [13�]. Like the

ciliobrevins, dynarrestin, a chemically unrelated dynein

antagonist, was more recently discovered as a Hedgehog

pathway inhibitor and subsequent studies demonstrated

dynein inhibition in vitro [14].

With these chemical inhibitors it has become possible to

selectively impair dynein-dependent processes in cells.

For instance, two different groups used ciliobrevins to

probe the intracellular dynamics that occur when a T-

cell interacts with an antigen presenting cell to form an

immunological synapse [15,16]. Inhibition of

dynein-driven motion slowed the progress of centro-

somes toward the immunological synapse and impaired

the T cells’ ability to polarize their cytoplasm in

response to immunological synapse formation. In addi-

tion, inhibition of dynein by ciliobrevin blocked the

ability of natural killer (NK) cells to polarize the majority

of their lytic granules away from the immunological

synapse, leading to excess killing of bystander cells

[17]. Ciliobrevins have also been used to slow the

dynein-dependent flagellar beating of eukaryotic sperm
(Figure 1 Legend Continued) optimization against a purified protein target.

phenotypic screening with in vitro follow-up. Stereochemical information reg
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cells and single-celled parasites [18,19]. Other examples

of dynein inhibition using the ciliobrevins have been

summarized elsewhere [20].

Dynein inhibition by dynapyrazoles caused distinct effects

depending on the setting and cargo being observed. Dyna-

pyrazole-A blocked dynein-1-dependent lysosome motion

within neuron-like cells, reducing the number of high-veloc-

ity lysosome trajectories in both anterograde and retrograde

directions (corresponding to microtubule plus and minus

ends, respectively, Figure 2a, top) [13�]. In contrast, when

cytoplasmic dynein 2-driven intraflagellar transport was stud-

ied, dynapyrazole-A selectively impaired retrograde intrafla-

gellar transport, causing 60–70% reduction in retrograde

velocity and only 20% reduction in anterograde velocity

(Figure 2a, bottom). These distinct effects of dynein inhibi-

tion may reflect the differences between dynein 1-driven

motion of membrane-bound organelles in the cytosol and

dynein 2-driven IFT. Motion in the cytoplasm is thought to

require tight ‘tug-of-war’ coupling betweenplusend-directed

and minus end-directed forces [21]. In contrast, it is becoming

clearthatduringIFTinagivendirectionmechanismsexist for

inactivation of enzymes that move in the opposite direction

[8,22]. Further studies are needed clarify the different rela-

tionships between each direction of microtubule-based trans-

port within the cytoplasm and in cilia.

Ribosome assembly is an energetically demanding process

requiring the association and remodeling of hundreds of

proteins and multiple RNA components under tight spatial

and temporal control [23]. Several AAA proteins are known

to contribute to key steps of this process, including midasin,

which is a large polypeptide (�5000 amino acids) contain-

ing six non-equivalent AAA domains. Midasin was identi-

fied as a target of small molecule ribosome biogenesis

inhibitors (named ribozinoindoles or Rbins) [24��]. Rbins

can inhibit the ATPase activity of recombinant wild-type

midasin but a single-point mutation (F1093L) in midasin

abrogates Rbin activity in vitro and in cells, indicating that

midasin is the direct physiological target of Rbins.

Ribosome assembly begins within the nucleolus, proceeds

throughthenucleoplasm,andconcludeswiththematuration

of ribosomes in the cytoplasm, requiring the coordinated

association and dissociation of several non-ribosomal pro-

teins (e.g. Ppp1, Rix7, Ytm1, Rsa4) and processing of rRNAs.

Treatment of fission yeast with Rbins causes accumulation

of pre-ribosomal particles within the nucleus within

15–30 min and impairs processing of rRNAs (Figure 2b)

[24��]. The rapid action and reversibility of Rbins made it

possible to discern midasin’s contribution to three distinct

stages of ribosome biogenesis. The first midasin-dependent

step is likely to be the assembly of the Nsa1 particle, an early

pre-60s particle. Midasin’s role in this step of ribosome
 Compounds shown in black were identified through cell-based or

arding MSC1094308 is not available and it is likely a racemic mixture.
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Small molecule AAA inhibitors block dynamic cellular processes. (a) Dynein inhibition with dynapyrazole blocks intracellular transport. Top row:

bidirectional intracellular transport of organelles (e.g. lysosomes) is arrested. Bottom row: intraflagellar transport is blocked in primarily the

retrograde direction. Blue ovals: microtubule plus-end directed transport (anterograde); red ovals: microtubule minus-end directed transport

(retrograde); blue lines: microtubules with plus-end indicated; green ovals: stationary cargoes. (b) Rbin-1 inhibits midasin-dependent maturation

and nuclear export of pre-ribosomal particles, trapping ribosomal precursors in the nucleus. (c) Rbin-1-dependent nuclear accumulation of

ribosomal precursors is reversible (top row) and abrogated by Rbin resistance-conferring mutations in midasin (bottom row). Rounded rectangles

represent fission yeast.

www.sciencedirect.com Current Opinion in Chemical Biology 2019, 50:45–54



50 Next generation therapeutics
biogenesis had not previously been described. Rbin treat-

ment also disrupted the removal of Ytm1 from the

pre-60s particle, leading to its accumulation in the nucleolus.

Finally, Rbin treatment disrupted processing of the Rix-1

particle and blocked its accumulation in the nucleus.

A major difficulty in the use of small molecules to dissect

cellular mechanisms is the possibility that phenotypes arise

due to inhibition of unanticipated targets. This limitation

was overcome through parallel analyses of phenotypes asso-

ciated with Rbin treatment carried out in cells that were

inhibitor-sensitive (wildtype midasin) or inhibitor-resistant

(midasinF1093L). In one example of this approach, Rpl2501, a

component of the pre-60s ribosomal particle, accumulated in

the nucleus upon Rbin-1 treatment in wildtype cells, but did

not accumulate in the nucleus in cells expressing mida-

sinF1093L (Figure 2c, bottom). In another example of this

approach, Ppp1 and Rix7 were absent from the Nsa1 particle

(as assessed by immunoprecipitation) in the presence of

Rbin-1 but present when cells bearing mutant midasinF1039L

were treated with Rbin-1. Suppression of Rbin-associated

phenotypes in cells with midasinF1093L helps exclude the

possibility that these effects are due to off-target inhibition

by the compound and helps strongly link the associated

processes with midasin’s actions in cells.

Using chemical inhibitors to probe protein
dynamics
One key way that small molecules can help examine how

dynamic enzymes such as the AAA proteins function is by

trapping the enzymes in conformational states that may not

otherwise be accessible. The ability to trap intermediates

along dynamic reaction pathways has led to insights in the

study of other enzyme families such as G-protein coupled

receptors (GPCRs), kinases, and polymerases, as well as to

the design of ‘state-specific’ inhibitors [25–28].

Nucleotides (ATP, ADP) and their analogs

(ATPgS, ADP-vanadate, AMP-PNP) have been used to

block proteins’ mechanochemical cycles. Selective chem-

ical probes can help advance the study of AAA proteins

beyond what might be accessible with nucleotide analogs

in several ways. In contrast to nucleotide analogs, selec-

tive probes may distinguish between different active

sites. Increasingly, allosteric probes for the AAA proteins

are becoming available, and these can trap protein con-

formations that may not be stabilized by nucleotide

analogs. Here, we describe three cases in which small

molecule inhibitors have been used to dissect AAA pro-

tein function in vitro.

In a first step toward teasing apart the mechanistic details of

how midasin contributes to ribosome biogenesis and how

Rbins block this process, the cryo-EM structures of midasin

in the presence of a non-hydrolyzable ATP analog (AMP-

PNP) or in the presence of ATP and Rbin-1 (ATP-I) were

solved (Figure 3a) [29��]. These structures provided
Current Opinion in Chemical Biology 2019, 50:45–54 
snapshots of an enzyme undergoing dynamic nucleotide-

driven rearrangements: In the AMP-PNP structure, the six

AAA domains of midasin were nearly coplanar. By contrast,

in the ATP-I structure, two rigid bodies (see Box 1)

corresponding to tightly associated portions of adjacent

AAA domains moved �15 Å below the plane established

by the other domains (Figure 3a, compare position of

domains labeled 3 and 4 in top and bottom panels). In

contrast to the rearrangements observed within the AAA

ring, a long segment of the C-terminal tail was positioned

similarly in the two structures, extending �20 nm away

from the AAA ring of midasin in each case. The MIDAS

domain, which was located at the extreme C-terminus of

midasin separated from the AAA domains by �2000 amino

acids, is known to mediate contact with several putative

substrates of this enzyme [30]. Densities corresponding to

this domain were not observed in the AMP-PNP structure

but were observed in the ATP-I structure. In the ATP-I

structure, the MIDAS domain docks onto the AAA ring

(shown in pink, Figure 3a, bottom). This intramolecular

docking is possible most likely due to the existence of a

flexible linker that connects the MIDAS domain to rest of

the molecule, allowing the MIDAS domain to explore a

large volume and find its binding site on the AAA ring.

Contrasting the AMP-PNP and ATP-I structures, a model

emerges in which different nucleotide states within four

distinct ATP binding sites in the AAA ring drive rearrange-

ments of the AAA domains themselves that can facilitate

the capture and release of the MIDAS domain, which

directly interacts with other pre-ribosomal factors that

are midasin ‘substrates’. These successive steps of MIDAS

domain capture and release coupled with rearrangements

of the AAA ring could underpin midasin’s dynamic role in

releasing components from different pre-ribosomal parti-

cles. This model is supported by docking of the ATP-I

midasin structure into a previously solved cyro-EM map of

a ribosomal precursor particle [31], which readily accom-

modates the midasin density and positions the MIDAS

domain between the AAA ring and a known midasin

substrate, Rsa4. This arrangement could allow direct con-

formational coupling between the AAA ring and midasin’s

substrate. Although Rbin could not be directly observed in

the midasin structure at the resolution obtained (�8 Å), it is

likely to be present in the ATP-I structure as the concen-

tration used (1 mM) was well above both the GI50 observed

in cells and the concentration required for half-maximal

inhibition of recombinant midasin ATPase activity.There-

fore, it is likely that these findings depended on Rbin’s

ability to trap a state of midasin that may not have been

accessible using ATP analogs alone.

p97 is a multi-functional AAA protein needed for the

degradation of unfolded and ubiquitylated proteins and

also contributes to several cellular processes through its

ability to extract proteins from large multi-protein com-

plexes [5]. p97 has two AAA domains per polypeptide
www.sciencedirect.com
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Figure 3
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Small molecule AAA protein ligands trap biochemically distinct states. (a) Cryoelectron microscopy analysis of Midasin: AMP-PNP bound Midasin

has six coplanar AAA domains (top row); in Rbin-1-bound and ATP-bound midasin (ATP-I), two rigid bodies (3 and 4) corresponding to the large

subunit of a given AAA domain and the small subunit of the previous AAA domain have moved below the plane and a new density corresponding

with the C-terminal MIDAS domain (pink oval) is found in the plane of the other AAA domains. The MIDAS domain is not observed in the AMP-

PNP structure of midasin. (b) Cryo-EM at 2.3 Å resolution reveals that that allosteric p97 inhibitor UPCDC30245 (UPC) blocks the nucleotide-

dependent molecular rearrangements of p97 (conformations I, II, and III, top row). Lower row, left: UPC (carbons in purple, heteroatoms in blue) in

its binding cavity (green surface). Lower row, right: contour of the p97 binding cavity in conformation II (blue surface) overlaid on structure of UPC-

bound p97. (c) Cyclomarin A (CymA) blocks ms-ms dynamics of ClpC1. Top row: N-terminal domain dynamics are stimulated by substrate

mimetic ArgP (yellow); these dynamics are thought to contribute to selective substrate degradation by ClpC1P1P2 protease. Bottom row: CymA

binding to the N-terminal domain abolishes these dynamics and leads to unselective protein unfolding and degradation.
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protomer, leading to a stacked double ring configuration

upon hexamerization [2]. The first well-validated p97

inhibitors to be discovered, DBeQ and its derivatives,

act in an ATP-competitive manner and several analogs in

the series have been shown to be selective for the D2

AAA domain [32��,33,34��]. Other inhibitors that bind p97

at an allosteric site wedged between the two AAA

domains of a single protomer have been identified

(Figure 1a) [35�,36�]. Proteomic analyses of two such

compounds have confirmed the binding site, located at

the periphery of the D2 domain in a groove between an

alpha helix and the core beta sheet motif.

Using cyro-electron microscopy (cryo-EM), Banerjee et al.
confirmed that a third allosteric inhibitor (UPCDC30245,

hereafter UPC) binds within the same groove and pro-

vided high resolution (�2.3 Å) information on binding site

contacts [37��]. They then compared the geometry of

UPC-bound p97 to that of p97 in the presence and

absence of ATPgS. Analysis of UPC’s binding mode

revealed that the transitions involved with ATPgS bind-

ing would cause several steric clashes with the inhibitor in

its binding site (Figure 3b, Conformations I, II). Although

ATPgS is an imperfect model for ATP, the authors

observed p97 in two of its well-known confirmations

(N-domain ‘up’ and ‘down’ [38]), suggesting the

ATPgS-p97 interaction faithfully recapitulates at least

some aspects of the enzyme’s interaction with natural

nucleotide. However, further work is needed to under-

stand why the authors observed three distinct conforma-

tional states of p97 within one experiment (Conforma-

tions I, II, and III, schematized in Figure 3b, top row), in

which p97 was incubated with ATPgS. These may reflect

stepwise association of ATPgS molecules with p97 or,

conversely, the effect of hydrolysis of the g-thiopho-
sphate moiety. Nevertheless, binding of UPC likely

blocks the molecular rearrangements necessary for

p97’s function by blocking nucleotide-state dependent

motion of several helices. These results imply that bind-

ing of UPC to p97 should trap this enzyme in the compact

conformation it adopts in the presence of ADP only (i.e.

Conformation I, Figure 3b, top left) and block its nucleo-

tide-dependent dynamics.

Like its homolog p97, ClpC1 is an AAA protein that

initiates the degradation of proteins by unfolding them

and shuttling them toward a protease (ClpP1/P2 in pro-

karyotes, forming the active protease complex

ClpC1P1P2). Both ClpC1 and ClpP1P2 are essential in

mycobacterium tuberculosis but are not required for viability

in bacteria in general [39,40,41]. Thus, ClpC1P1P2 has

been recognized as an attractive anti-mycobacterial tar-

get. Through pulldown experiments in mycobacterial

lysates, ClpC1 was identified as the target of the natural

product Cyclomarin A (hereafter CymA) [42�]. CymA and

close derivatives bind ClpC1 (Kd �20 nM) and stimulate

ClpC1P1P2-driven degradation of model substrates in
Current Opinion in Chemical Biology 2019, 50:45–54 
mycobacteria. Subsequent biochemical studies and X-

ray crystallography demonstrated that CymA binds to

the N-terminal domain of ClpC1, which is structurally

analogous to the N-terminal domain of p97 [43�].

The ClpC1P1P2 protease is thought to degrade substrates

via two separate pathways. One degradation pathway relies

on recognition of proteins bearing phosphorylated arginines,

which are proposed to mark proteins for degradation in

prokaryotes analogously to ubiquitylation in eukaryotes.

The other pathway degrades unfolded proteins without

the requirement for a specific tag (this pathway relies on

the adaptor protein MecA in other bacteria, but not in

mycobacteria; as reviewed elsewhere [41,44]). Recent struc-

tural studies with a homolog of ClpC1 from another bacte-

rium showed that the N-terminus of ClpC has a specific

binding site for peptides bearing phosphorylated arginines,

and that degradation reliant on this binding site can be

inhibited by the addition of phosphorylated arginine as a

free amino acid (ArgP) [45].

To understand how CymA binding to the N-terminal

domain of ClpC1 modulates this protein’s function, Wein-

häupl et al. performed a series of structural analyses of the

enzyme in solution [46��] (Figure 3c).First, they verified that

ArgP binds the N-terminus of ClpC1 and that it blocks the

interaction  between ClpC1 and a model substrate bearing

phosphorylated arginines (lysozyme-P). CymA does not

disrupt ClpC1’s interaction with lysozyme-P. Binding of

ArgP induced an increase in the dynamics of the protein

in solution, as assessed by NMR, and partially blocked the

degradation of FITC-casein, another model ClpC1P1P2

substrate whose degradation does not require arginine phos-

phorylation. Pre-treatment with CymA completely abol-

ished ArgP-induced dynamics, returning the N-terminal

domain to a relatively static apo-like state. Surprisingly, in

the presence of both CymA and ArgP, ClpC1P1P2 degraded

FITC-caseinat rates similar to thoseobserved intheabsence

of ArgP. This is not due to simple displacement of ArgP by

CymA, as they have distinct binding sites on the ClpC1

N-terminus [43�]. Rather, these data are consistent with a

model in which ArgP-induced conformational dynamics at

the N-terminal domain of ClpC1 are required for both

selecting substrates with phosphorylated arginines and for

limiting access of non-specific unfolded protein substrates to

the proteolytic core of the complex, possibly acting as an

‘entropic brush’. By blocking ClpC1 dynamics, CymA may

lead to cell death by disrupting bacterial protein quality

control machinery both through dysregulation of phospho-

arginine dependent proteolysis and possibly through unreg-

ulated degradation of misfolded or unfolded proteins.

Future directions
The development of AAA inhibitors has been delayed com-

pared to other large enzyme families, possibly owing to the

difficulty of purifying intact and active oligomeric complexes.

It is now becoming clear, however, that AAA proteins, as a
www.sciencedirect.com
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family, are no less ‘druggable’ than other enzyme classes. It is

likely that the progress will only accelerate in the coming

years. Beyond making probes for studying AAA proteins in

cells and in vitro, progress toward developing inhibitors of

these essential enzymes has potential to lead to clinically

useful compounds. CB-5083, a potent p97 antagonist that

showed improved efficacy compared to FDA-approved pro-

teasomeinhibitors inbothsolidandliquidtumormodels is the

first AAA protein inhibitor to reach clinical trials in humans

[34��]. It was generally well-tolerated, but had to be with-

drawn due to unforeseen retinal toxicity likely related to off-

target inhibition of a phosphodiesterase [47].

Other AAA proteins may make promising cancer targets as

well. Overexpression of RUVBL1 and RUVBL2 [48], several

subunits of the eukaryotic helicase Mcm2–7 [49], the tran-

scription regulator ATAD2 [50], and the spindle assembly

checkpoint regulator Trip13 [51–54], have all been associ-

ated with poor prognosis in several cancer types, suggesting a

possible therapeutic rationale for their inhibition. Mechanis-

tically, these trends suggest that cancers are not ‘addicted’ to

the function of AAA proteins, but rather that the aberrant

physiologic demands involved in tumor proliferation make

cancers relatively more reliant on the actions of essential

enzymes such as AAA proteins than normal tissues. One

example of this is the ‘proteotoxic crisis’ present in some

types of hematologic cancers, which opens a therapeutic

window for inhibition of otherwise essential enzymes such

as the proteasome and p97 [55]. Assessing the potential of

AAA proteins as therapeutic targets will require the devel-

opment of drug-like antagonists whose therapeutic index can

be carefully assessed. Even before such compounds are

available, the experience with AAA inhibitors thus far has

demonstrated how they can be powerful tools for studying

the roles of these enzymes in cellular biology and under-

standing the key mechanistic details of their activity. As more

inhibitors with new modes of action are discovered, more

unique cellular states and biochemical conformations can be

trapped and analyzed.
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