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Abstract

Mitochondrial protein quality control requires the action of proteases to remove damaged or 

unnecessary proteins and perform key regulatory cleavage events. Important components of the 

quality control network are the mitochondrial AAA proteases, which capture energy from ATP 

hydrolysis to destabilize and degrade protein substrates on both sides of the inner membrane. 

Dysfunction of these proteases leads to the breakdown of mitochondrial proteostasis and is linked 

to the development of severe human diseases. In this review, we will describe recent insights into 

the structure and motions of the mitochondrial AAA proteases and related enzymes. Together, 

these studies have revealed the mechanics of ATP-driven protein destruction and significantly 

advanced our understanding of how these proteases maintain mitochondrial health.
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Introduction

Protein degradation is a key arm of the mitochondrial proteostasis network that protects the 

integrity and operation of the organelle [1, 2]. Current estimates suggest that the 

mitochondrial proteome contains approximately 1500–2000 proteins, of which greater than 

99% are encoded in the nucleus and imported from the cytosol[3]. Upon entry, many of 

these imported proteins assemble into complexes together with additional subunits encoded 

by the mitochondrial genome. Thus, key mitochondrial activities such as respiration require 

the careful coordination of these two protein pools to achieve correct subunit stoichiometry 

and complex formation [4, 5]. Mitochondria are also a hub of oxidative damage arising from 

the production of reactive oxygen species (ROS) by the OXPHOS system[6, 7]. 

Consequently, oxidatively damaged proteins must be quickly removed and replaced to 
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preserve their specific activities and prevent the accumulation of harmful aggregates. Lastly, 

the mitochondrial proteome undergoes constant resculpting in response to the changing 

demands of the cell, whether through cell cycle progression, altered energy sources, or in 

response to cellular stress [8, 9]. All of these processes require the efficient destruction of 

protein molecules and mitochondria contain a diverse collection of proteases located across 

all compartments that achieve a constant high rate of protein turnover [10]. Breakdown of 

mitochondrial proteostasis results in significant negative consequences to the structure and 

function of the organelle [1, 11]. Unsurprisingly, a number of human diseases are associated 

with impaired or improper mitochondrial protein degradation, including cancer and 

numerous neurodegenerative diseases[12–15]. Moreover, decline of mitochondrial 

proteolytic capacity over time and accumulation of oxidized proteins has been linked to 

aging[1, 16–18]. Thus, studying the mechanisms of mitochondrial protein degradation, and 

its role in the wider proteostatic network is crucial for understanding mitochondrial function 

in both health and disease states.

The AAA+ protease family provides a major route for protein degradation in mitochondria. 

AAA+ enyzmes (ATPases Associated with diverse cellular Activities) are a broad 

superfamily of cellular machines that capture energy from the hydrolysis of ATP to power 

the remodeling of various biological molecules, including the unwinding of DNA helices, 

the formation of vesicles, and the disassembly of stable protein complexes[19–21]. Within 

this superfamily, the AAA+ proteases perform ATP-powered extraction, unfolding, and 

degradation of protein molecules[22]. Mitochondria contain multiple AAA+ proteases that 

perform degradation across the different compartments of the organelle. Soluble matrix-

located family members include Lon and ClpXP, which belong to the HCLR clade within 

the wider AAA+ superfamily [21, 23–27]. This review will focus on two homologous 

membrane-anchored proteases that belong to the separate classical AAA clade [21, 27]. 

These proteases, generically named; intermembrane space-AAA (i-AAA) and matrix-AAA 

(m-AAA), are permanently anchored to the mitochondrial inner membrane (IM) and provide 

proteolytic surveillance across both faces of the IM and in the adjoining intermembrane 

space (IMS) and matrix, respectively [28] (Figure 1). Historically, these membrane-bound 

proteases have been collectively known as the “mitochondrial AAA proteases”, and we refer 

to them as such throughout this review. The mitochondrial AAA proteases maintain 

proteostasis by coordinating levels of respiratory complex subunits, prevent accumulation of 

potentially harmful damaged proteins, and perform important regulatory proteolytic 

cleavages[29]. New information gained from high resolution cryoEM structures and solution 

biochemistry studies has shed light on the architectures of the mitochondrial AAA proteases 

and the complex motions used by these enzymes to perform ATP-driven protein degradation 

that preserves mitochondrial function.

Domain organization

The mitochondrial AAA proteases belong to a subfamily of membrane-anchored proteases 

related to the ancestral bacterial FtsH protease[28]. In contrast to some members of the AAA

+ protease family, all catalytic domains of the FtsH-like proteases are encoded on a single 

polypeptide chain[30].
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Each subunit contains a transmembrane (TM) domain close to the N-terminus followed by a 

AAA+ domain and a C-terminal zinc metalloprotease domain [28]. Replacement of this 

domain by an artificial hexamerizing sequence yielded an active soluble protease, 

demonstrating that the primary function of the TM domain is to drive oligomerization[33]. 

Additional small ancillary domains are found flanking the TM domain that locate to the 

opposite side of the membrane to the catalytic domains (N-domain in i-AAA; IMS domain 

(IMSD) in m-AAA). Assembly of these multi-domain subunits into active hexameric 

proteases creates a barrel-shaped catalytic core comprising a ring of six ATPase domains 

sitting atop a ring of six protease domains. Protein substrates are unfolded and translocated 

through the center of the ATPase ring into a degradation chamber containing the six 

sequestered metalloprotease active sites. Upon entry into the chamber, the unfolded substrate 

polypeptide encounters the active sites and is cleaved into small peptides that are released 

for further processing and recycling (Figure 1).

All i-AAA proteases are composed of six identical gene products (YME1L in human, Yme1 

in yeast). In contrast, the yeast m-AAA protease is an obligate heterohexamer of alternating 

Yta10 and Yta12 subunits[34]. In humans, the m-AAA protease can assemble into both 

homooligomers of AFG3L2 subunits or heterooligomers of AFG3L2 and Paraplegin (SPG7)

[35]. The distribution of the two mammalian isoforms is tissue specific with a greater 

proportion of AFG3L2 homohexamers found in neuronal tissues[35]. In mice, a third 

isoform, AFG3L1, incorporates into m-AAA to add further subunit diversity [35, 36]. 

However, in humans, AFG3L1 forms an inactive pseudogene [36]. Integration of the 

transmembrane domains into the IM projects the catalytic cores into the adjoining aqueous 

compartments. The TM domain of the i-AAA protease contains a single transmembrane 

span that inserts into the IM placing the catalytic core in the IMS. In contrast, the TM 

domain of the m-AAA protease spans twice across the membrane and the core is projected 

into the matrix. These opposing orientations within the IM position the i-AAA and m-AAA 

proteases to provide protein quality control at both faces of the membrane and within the 

IMS and matrix, respectively[37].

Diverse functions in mitochondrial quality control

The mitochondrial AAA proteases are notable for their wide diversity of quality control 

activities[29] (Figure 1). One well-established function is the surveillance of their respective 

compartments for the appearance of damaged or improperly assembled proteins. Examples 

of these substrates include multiple components of the respiratory chain and F1-F0 ATPase 

complexes, and the regulator of the calcium uniporter, EMRE, which can overaccumulate 

due to imbalance in the expression of the two contributory genomes [38–43]. Oxidatively 

damaged proteins can emerge as errors in the biogenesis of assembled OXPHOS complexes 

give rise to unregulated ROS formation [44, 45]. Moreover, the complement of cysteine-rich 

proteins within the IMS are particularly susceptible to oxidative damage, including the small 

Tim protein chaperone subunit Tim10, which is degraded by the Yme1 upon disruption of its 

internal disulfide bonds [46–48].

These house-keeping activities can be considered as generally non-specific quality control to 

limit the consequences of imbalance or damage and preserve mitochondrial function. In 
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contrast, the mitochondrial AAA proteases can also perform proteolysis of specific 

substrates as a means of regulating a particular action. An important example of this 

proteolytic control is seen in human OPA1, the regulator of mitochondrial dynamics, which 

is cleaved by YME1L to generate a short isoform that acts as a signal for mitochondrial 

fission [49–51]. Additionally, the human lipid carrier protein PRELID (Ups1/Ups2 in yeast) 

is degraded by YME1L as a means of controlling the flux of cardiolipin phospholipid 

precursors to the IM[52]. This specific proteolysis can also be used in the biogenesis of 

important mitochondrial components, such as the maturation of the mitochondrial ribosomal 

subunit, MrpL32, by m-AAA through removal of an unstructured N-terminal pre-sequence 

[53–55]. Lastly, non-proteolytic remodelling of substrates by the mitochondrial AAA 

proteases has been observed, such as the dislocation of cytochrome c peroxidase from the 

IM by m-AAA for further proteolytic processing by Pcp1 [56].

The performance of both house-keeping and substrate specific proteolysis requires the 

mitochondrial AAA proteases to utilize multiple modes of substrate recognition. Most AAA

+ proteases recognize specific substrates through degron sequences present at accessible 

locations on the substrate[57]. Solution studies in vitro have revealed the presence of 

degrons in the accessible N-termini of the Yme1 substrate, Tim10, and the m-AAA 

substrate, MrpL32[48, 55]. Interestingly, the mechanism used by Yme1 to recognize the 

phenylalanine-rich degron present in Tim10 could also provide a means to detect exposed 

hydrophobic regions of unfolded proteins for non-specific house-keeping proteolysis [29, 

58].

Architectures of the mitochondrial AAA proteases

The overall architecture of a mitochondrial AAA protease was revealed by a low resolution 

(12 Å) cryoEM structure of the detergent solubilized full-length Yta10/Yta12 from S. 
cerevisiae [59]. This heterohexameric structure showed the expected arrangement of stacked 

ATPase and protease rings that sequester the proteolytic active sites within the degradation 

chamber. The TM domains cluster into a tight hexameric bundle that is connected to the 

ATPase ring by flexible linkers creating approximately 13 Å of space between the 

membrane face and the ATPase ring[59]. The ancillary IMS domains fan out away from the 

TM bundle with only limited contacts between them. An NMR structure of the IMS domain 

from human AFG3L2 revealed strong similiarity with the analogous periplasmic domain of 

bacterial FtsH[60]. In FtsH, these domains form a close hexameric ring, suggesting the 

conformation seen in Yta10/Yta12 may not reflect that present in the inner membrane. The 

resolution of the reconstructions was insufficient to distinguish between the Yta10 and 

Yta12 subunits and the imposition of C6 symmetry averaging produced a symmetric 

reconstruction of the catalytic core. Higher resolution information on the catalytic cores of 

this protease family has been previously provided from multiple crystal structures of 

truncated FtsH constructs from a variety of bacterial sources [61–65]. The best resolved of 

these FtsH structures contain ADP molecules bound to all six nucleotide-binding sites and 

almost all structures display an asymmetry in the ATPase ring that departs from the six-fold 

symmetry of the domain architecture. However, it is unclear to what degree the fully ADP-

bound state or interactions formed during crystal packing induce these arrangements.

Steele and Glynn Page 4

Mitochondrion. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A significant recent advance by Puchades and co-workers has been the determination of an 

atomic resolution (3.4 Å) cryoEM structure of the assembled catalytic core of Yme1 with 

substrate captured in the process of translocation through the ATPase domains [31] (Figure 

2a). A hexamerizing coiled-coil was used to replace the stabilizing interactions usually 

provided by the TM domains and enable assembly outside of the membrane[66]. In contrast 

to previous models, the ATPase domains of Yme1 form a right-handed spiral that sits atop a 

flat planar ring of protease domains. Thus, while both the Yme1 cryoEM structure and FtsH 

crystal structures display asymmetry in the ATPase ring, the nature of this asymmetry is 

markedly different. This structure has provided significant new information on how this 

family of proteases engages and translocates substrates during ATP-dependent protein 

degradation. The detailed arrangements of the different structural features of the 

mitochondrial AAA proteases, and the wider field of FtsH-family proteases are discussed 

below.

An ATPase ratchet drives protein translocation

The AAA+ ring serves as both the gatekeeper and ATP-driven motor of the protease by 

selecting substrates for degradation and generating the force required to translocate 

substrates into the degradation chamber. AAA+ domains can be identified by a series of 

family specific sequence motifs [19]. The Walker-A and Walker-B motifs are required for 

ATP binding and hydrolysis, respectively. A glutamate to glutamine substitution in the 

Walker B motif creates an ‘ATP-trap’ that binds and only very slowly hydrolyzes ATP.

In most AAA+ proteases, two substrate-contacting pore loops (pore loop 1 and pore loop 2) 

project from the ATPase domains into the central translocating pore to deliver the force for 

unfolding and translocation[67, 68]. The consensus sequence of the primary force-

generating pore loop 1 is [Aromatic]-[hydrophobic]-[Gly], with the aromatic residue 

believed to directly contact the substrate[69, 70]. Pore loop 2 is less well conserved in both 

length and sequence but has also been demonstrated to play an important role in substrate 

translocation in multiple different AAA+ proteins [71–73].

In Yme1, the ATPase domains form a spiral arrangement with a distance of 24 Å between 

upper and lower positions of the spiral. This spiral arrangement is strikingly similar to recent 

cryoEM structures of other AAA+ enzymes, including those with non-proteolytic 

functions[74–76]. This similarity in structure across a diverse protein family suggests 

conservation of the basic mechanism for ATP-driven substrate remodelling.

The four subunits found at the highest positions of the spiral were bound to ATP, whereas 

the subunit at the lowest position of the spiral was bound to ADP in a post-hydrolysis state 

(Figure 2B). A sixth ‘step’ subunit, with an empty nucleotide-binding pocket, adopts an 

intermediate position between the lowest and highest subunits that is disengaged from the 

spiral. Subunit conformations similar to the ADP and apo states in Yme1 have also been 

observed in crystal structures of FtsH[65].

Incorporation of the ‘ATP-trap’ substitution captured co-purified substrate polypeptide 

traversing through the central axis of the ATPase spiral. The translocating pore loops 
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surround the substrate in a spiral staircase that mirrors the positions of their parent domains 

(Figure 2A–B). The conserved pore loop 1 aromatic tyrosines of ATP-bound subunits 

closely contact the backbone atoms of the substrate polypeptide, whereas the identical 

residue in the ADP-bound subunit is disengaged from the substrate and the pore loop 1 of 

the ‘step’ subunit is positioned away from the substrate at a significant distance. A second 

staircase formed from each pore loop 2 is located immediately below the first with an 

analogous tyrosine in position to accept the incoming polypeptide, albeit without forming 

substrate contacts in the captured state. Direct contact between pore loop 2 and substrate has 

been demonstrated biochemically in the AAA+ unfoldase, ClpX, and presumably, 

translocation of the substrate through the pore loop 1 spiral brings the substrate into contact 

with the lower staircase [71]. Whether this hand-off occurs in a coordinated fashion through 

specific loop-loop interactions remains an open question. The relative low sequence 

conservation of pore loop 2 compared to pore loop 1 suggests this pore loop 2 may function 

as a specificity determinant in addition to adding grip during substrate translocation.

The nucleotide dependent arrangement of pore loops seen in Yme1 demonstrates important 

mechanistic principles that can be extended to other AAA+ proteins. Firstly, by contacting 

the backbone atoms of the substrate polypeptide, the pore loops can perform translocation 

independent of substrate sequence, a requirement for degrading a diverse pool of substrate 

proteins. Secondly, using the ATP-bound subunits to hold the substrate provides a 

mechanism for translocation where the hydrolysis of ATP in a subunit promotes uncoupling 

of its pore loops from the substrate, allowing the subunit to step up and rejoin the spiral at 

the top position. Consecutive ATP hydrolysis events create a ratchet that drives unfolding 

and translocation in a single direction (Figure 2C).

How the sequence of ATP hydrolysis events is controlled in AAA+ enzymes is an open 

question. The spiral of ATPase domains observed in Yme1 and other AAA+ proteins is 

consistent with a sequential hydrolysis mechanism whereby subunits ‘fire’ in order around 

the ring [31, 75, 76, 78]. However, solution biochemistry studies on members of the HCLR 

clade of AAA+ proteases, ClpXP and HslU, have ruled out a strictly sequential firing 

order[79, 80]. Any potential mechanism requires the communication of nucleotide state 

from one subunit to its neighbors. Importantly, the nucleotide-binding pocket of Yme1 is 

formed largely within a single cis subunit with a smaller number of interactions provided in 

trans by the clockwise adjacent subunit, thus providing a means of communication[81] 

(Figure 3). These ‘trans-acting’ elements include a pair of conserved arginine residues 

known as the ‘arginine fingers’ and an InterSubunit Signaling (ISS) motif, with the 

consensus sequence [Asp]-[Gly]-[Phe] [82, 83]. Both of these elements are found in the 

classical AAA clade, which include the mitochondrial AAA proteases, but the ISS motif is 

absent in the HCLR clade [81, 84, 85]. The function of the arginine fingers was originally 

proposed based on homology to similar residues in GTPases, whereas the ISS was identified 

in a genetic screen for residues that communicate the presence of bound ATP between 

subunits in the Yta10/Yta12 heterohexamer [83]. In Yme1, these trans-acting elements adopt 

radically different conformations dependent on the nucleotide state of the cis subunit. In 

ATP-bound subunits, the trans arginine fingers project into the nucleotide-binding pocket 

and interact with the gamma-phosphate of the ATP. In this position, the arginine fingers can 

also interact with the aspartate residue of the ISS motif. The ISS phenylalanine then extends 
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across the nucleotide-binding pocket and interacts with a cluster of other phenylalanine 

residues in the body of the cis subunit. Post ATP hydrolysis, loss of the gamma phosphate 

alters the positions of the arginine fingers and breaks their interaction with the ISS aspartate. 

The entire ISS motif retracts back into a helix in the trans subunit, pulling the ISS 

phenylalanine away from the cis phenylalanine cluster. These rearrangements allow the 

‘step’ subunit to move to its position outside of the spiral register (Figure 3). Importantly, 

similar structural rearrangements of the ISS motif have now been observed in other high-

resolution cryoEM structures of classical AAA+ proteins, including the 26S proteasome[74].

The reorganization of the ISS motif and the breaking of the subunit interface occur 

simultaneously with a retraction of pore loop 1 belonging to the trans subunit that breaks 

contact between its tyrosine and the substrate. Alternate pore loop conformations have also 

been observed in crystal structures of substrate-free FtsH and the related AAA+ 

disaggregase, Hsp104[65, 85]. Based on these structures, a mechanism for communication 

can be proposed where loss of the gamma phosphate after ATP hydrolysis is sensed by the 

arginine fingers and communicated to the ISS motif through the arginine-aspartate 

interactions. This results in retraction of the ISS motif from the cis subunit and allosterically 

releases the trans pore loop 1 from the substrate[31, 85].

Proteolysis occurs in a degradation chamber

Assembly of the catalytic core creates a ring of protease domains below the ATPase domains 

to complete the degradation chamber and places the six proteolytic active sites at the internal 

periphery of the chamber. These zinc metalloprotease sites are defined by a conserved 

HEXXH motif that coordinates a catalytic zinc ion and promotes cleavage of peptide 

bonds[28, 86]. In all structures of assembled FtsH-like proteases, the protease domains form 

a flat planar ring that exhibits strong six-fold symmetry, indicating that the conformation of 

these domains does not alter as the ATPase domains above undergo large nucleotide 

dependent movements. As the substrate is fed into the degradation chamber by the ATPase 

ratchet, it must find its way to the protease sites at the periphery of the chamber for cleavage. 

It is unclear if the substrate is directed into a specific site or if cleavage occurs upon 

stochastic interaction with any unoccupied site.

Many proteases cleave substrates at specific sequences, determined by the precise structure 

of the active site. The protease site of FtsH-like proteases contain a β-sheet that likely forms 

backbone interactions with the substrate to position the scissile peptide close to the catalytic 

zinc ion for cleavage[31]. In Yme1, the active site forms a hydrophobic “island” within the 

largely hydrophilic degradation chamber that could help recruit hydrophobic substrates to 

the site for cleavage. Analysis of the product peptides produced from the degradation of a 

diverse collection of substrates by the human AFG3L2 homohexamer revealed a cleavage 

preference for sequences containing bulky hydrophobic residues at the P1’ residue, 

immediately C-terminal of the scissile peptide bond[55]. It is likely that the surrounding 

structure of the AFG3L2 protease sites contains a pocket suitable for the accommodation of 

these residues. This combination of non-specific backbone interactions and a cleavage 

preference for hydrophobic sequences may provide the m-AAA protease with the ability to 
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rapidly degrade a wide variety of proteins that would normally be found within the inner 

membrane.

Once cleavage has occurred the peptide product must be released from the degradation 

chamber. Peptides produced from degradation by AFG3L2 ranged between 7 and 30 

residues in length with 14-mers found to be the most abundant species[55]. Interestingly, the 

distance between protease active sites in the Yme1 chamber is approximately ~38 Å, 

consistent with approximately 12 residues in an extended conformation. This correlation 

could indicate that the product peptide is quickly released after cleavage, rather than 

undergoing a second round of proteolysis. Alternatively, this product length may simply 

reflect the number of residues required to form stable interactions between the substrate and 

protease sites to promote cleavage. How product peptides are released from the degradation 

chamber of FtsH-like proteases has not yet been established. Calculation of the Yme1 

molecular surface shows that the large nucleotide-dependent conformational changes in the 

ATPase spiral create lateral openings approximately 3.5 Å wide between the ADP and apo 

subunits that could potentially serve as exit passages for peptides (Figure 2D). The 

appearance of these openings in only certain nucleotide states suggests that the exit of 

peptides could be allosterically coupled to the ATP-hydrolysis cycle.

Flexibility enables protease function

Allowing large-scale conformational changes in the ATPase spiral while simultaneously 

preserving the planar protease ring requires a hinge. In Yme1, a flexible linker is present 

between the ATPase and protease domains and adopts strikingly different conformations in 

different subunits[31]. This linker contains a conserved glycine that has been identified as a 

putative hinge residue in both Yme1 and FtsH, and mutation of this glycine to a more bulky 

leucine significantly reduced degradation activity in both enzymes [31, 64]. The exact 

conformational trajectory that these subunits follow during the ATPase cycle is uncertain. 

Single molecule FRET experiments on substrate-free FtsH suggested rotations between the 

ATPase and protease domains create five distinct subunit conformations during the catalytic 

cycle and that the motions between these states result are driven by thermal fluctuations 

rather than ATP hydrolysis[87]. However, the signature ATPase spiral now seen in multiple 

diverse AAA+ enzymes appears only in substrate bound structures, suggesting that the 

engagement of substrate by the pore loops organizes the ATPase domains into the active 

spiral conformation not seen when substrate is absent.

Linker regions are also found between the TM domain and ATPase domains that create ~13 

Å of space between the membrane face and the ATPase ring in Yta10/Yta12[59]. These 

linker sequences are poorly conserved but contain large numbers of likely unstructured 

residues. While inner membrane embedded substrates may project accessible degrons close 

to the ATPase pore loops, soluble substrates of FtsH-like proteases must travel through the 

narrow space created by these linkers to gain access to the degradation chamber. These 

linkers presumably impart a significant degree of flexibility between the membrane face and 

the body of the ATPase spiral that allows for the accommodation of such substrates.
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The mitochondrial AAA proteases have also been suggested to undergo structural transitions 

in response to stress. YME1L is degraded by the ATP-independent protease OMA1 under 

conditions that deplete ATP and depolarize the inner membrane[88, 89]. The absence of ATP 

likely minimizes the interface between ATPase domains and promotes a more open 

conformation that could be targeted by OMA1. A recent solution study on YME1L has 

suggested that both low nucleotide concentration and oxidative modification by hydrogen 

peroxide impart conformational changes that could sensitize the protease for degradation by 

OMA1[90].

Concluding Remarks

A high-resolution cryoEM structure of an active state mitochondrial AAA protease in 

combination with in vitro and in vivo biochemical studies has provided fascinating new 

insights into the mechanism of ATP-driven protein degradation at the faces of the inner 

membrane. However, many interesting questions remain that could be illuminated by further 

structural studies. For example, it is possible that these enzymes adopt additional 

conformations during their catalytic cycle that are yet to be observed in cryoEM studies. 

These alternative conformations could be explored by integrated structural approaches, such 

as single-molecule nanometry or hydrogen-deuterium exchange mass spectrometry. Indeed, 

detailed single molecule analyses of AAA+ enzyme motions have already been performed 

for other family members[91–93]. The identification of sequence degrons within protease 

substrates hypothesizes the existence of substrate recognition surfaces that could be revealed 

by models in complex with physiological substrates. Lastly, available structural information 

is largely limited to the catalytic cores of these enzymes. Mechanistic studies of the full-

length proteases, particularly embedded into a membrane environment, may shed light on 

the roles of the non-catalytic domains in substrate recognition and processing and 

cooperation with other mitochondrial components.
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Figure 1. Versatile mitochondrial AAA proteases.
Cartoon showing the diverse mitochondrial activities influenced by proteolysis provided by 

the mitochondrial AAA proteases. Available structural information is displayed for the 

catalytic core of Yme1 (PDB ID: 6AZ0) [31] and the analogous periplasmic domain of FtsH 

(PDB ID: 4V0B) [32].
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Figure 2. Insights from an atomic resolution cryoEM structure of Yme1,
(A) Ribbon model showing the cryoEM structure of the hexameric Yme1 catalytic core[31]. 

Substrate polypeptide trapped in the ATPase spiral is colored pink. (B) The translocating 

pore loops surround the substrate in a spiral staircase. The side chains of the substrate-

contacting pore loop 1 and pore loop 2 tyrosine residues are shown as balls and sticks, 

respectively. (C) How cycling of pore loop positions driven by sequential ATP hydrolysis 

can drive hand-over-hand translocation. Suggested transitions between the positions of pore-

loop 1 tyrosines during the ATP hydrolysis cycle are shown based on the hexameric Yme1 

structure. The coloring of the tyrosines matches that from 2B and substrate polypeptide is 

shown as a pink worm. (D) Putative exit channels appear dependent on subunit nucleotide 

state. Surface representations of Yme1 showing the appearance of lateral channels ~3.5 Å in 

diameter between apo and ADP bound subunits that are not seen between ATP bound 

subunits. Channel dimensions were calculated using Caver 3.0[77].
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Figure 3. Rearrangements of trans-acting elements in the nucleotide-binding pocket
Schematic of the Yme1 nucleotide-binding pocket. When the cis subunit is bound to ATP, 

the gamma-phosphate is sensed by the trans arginine fingers, and the trans ISS motif extends 

across the pocket to form tight bridging interactions with cis phenylalanines. After 

hydrolysis to ADP, interactions between the arginine finger and the now absent gamma 

phosphate are lost, and the ISS motif winds back into the trans subunit, weakening the cis-
trans subunit interface. These rearrangements are allosterically transmitted to the pore loops 

to break their interaction with the substrate polypeptide. Together, these motions allow the 

trans AAA+ domain to ‘step’ out from the spiral, unbound to substrate, and reset the ATPase 

ratchet.
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