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Decoding Skd3 (Human CLPB): a Mitochondrial Protein
Disaggregase Critical for Human Health
Ryan R. Cupo[a, b] and James Shorter*[a]

Abstract: Protein folding is important for all life. Indeed,
protein misfolding can result in catastrophic protein aggrega-
tion and toxicity. The pathways involved in reversing protein
aggregation within human mitochondria had long been
unknown. We recently discovered that Skd3 (human CLPB) is
a potent mitochondrial protein disaggregase, which is
regulated by the rhomboid protease PARL, and maintains the

solubility of many important mitochondrial proteins. Skd3
variants underlie several debilitating human diseases, includ-
ing 3-methylglutaconic aciduria, severe congenital neutrope-
nia, and premature ovarian insufficiency. Here, we describe
advances in understanding Skd3 function, mechanism, and
structure and place these discoveries in the context of
physiology and disease.

1. Introduction

Encoded within the primary sequence of all proteins are the
instructions to fold into an energetically favorable, functional
conformation termed the native state.[1] Chaperones are needed
to guide proteins in the complex milieu of the cell to their
native fold and away from deleterious monomeric and multi-
meric conformations.[2] Upon catastrophic misfolding, protein
aggregation can occur and some aggregated conformers
(particularly, prions and amyloids) can self-template their
structure by recruiting and converting natively folded proteins
into the aggregated state.[2a,3] Often, protein aggregates are
more energetically favorable than the native state and
chaperones can have difficulty reversing protein
aggregation.[2a] Some protein aggregates can be beneficial;[3–4]
however, many are toxic due to the loss of function of the
native protein, a gain of function of aggregated conformers, or
both.[3,5] To combat these issues, diverse protein-disaggregase
machineries exist in various cellular compartments, which
disassemble protein aggregates by extracting individual poly-
peptides and restoring them to soluble, native form and
function.[3,6] Indeed, non-metazoan mitochondria contain the
AAA+ (ATPases associated with various cellular activities)
protein disaggregase, Hsp78, within the mitochondrial matrix,
which dissolves and reactivates trapped in protein aggregates
(Figure 1).[6h,7] However, metazoa lack Hsp78 and although
protein aggregates within mitochondria can be sequestered and
eliminated via selective mitophagy, no system for protein
disaggregation and reactivation within metazoan mitochondria
was known.[8] Recently, we[6b] and others[9] discovered that
Skd3 (human CLPB) is a potent human mitochondrial protein
disaggregase (Figure 2). In this review, we will briefly discuss:
(1) the cellular function of Skd3, (2) the mechanism and
structure of Skd3, and (3) the relevance of Skd3 to human
health and disease.

2. Skd3 Function

Suppressor of potassium (K) transport defect 3 (Skd3; also
known as human CLPB) was the first human gene discovered
with homology to the ClpB/Hsp104 family of protein
disaggregases (Figure 1).[10] Although Skd3 appears to be
related to the ClpB/Hsp104 family of proteins, some have
suggested a closer relationship to the bacterial ClpC family.[8b]
Skd3 is conserved in most, but not all metazoan lineages and
first appears in choanoflagellates, a group of free-living
unicellular and colonial flagellate protozoa considered to be
the closest extant relatives of metazoa.[6b,8b] For example,
Monosiga brevicollis expresses Skd3, Hsp78, and Hsp104, but
upon the evolutionary transition to metazoa Hsp78 and
Hsp104 are lost, whereas Skd3 is retained, indicating a shift in
disaggregase biology in metazoa.[8b] While Hsp104 localizes to
the cytosol and Hsp78 localizes to the mitochondrial matrix,
intriguingly, Skd3 localizes to the mitochondrial intermem-
brane space (IMS).[6b,10b,11]

Skd3 is comprised of a N-terminal mitochondrial targeting
signal (MTS), a short 35 amino acid hydrophobic region, an
ankyrin repeat domain (ANK), a nucleotide-binding domain
(NBD), and a C-terminal domain (CTD) (Figure 1).[6b,8b]
Although they are sometimes confused for each other within
the literature, Skd3 (human CLPB) differs appreciably from
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bacterial ClpB (Figure 1). Ankyrin repeats are a flexible
structural scaffold that can be readily adapted to specifically
bind to a variety of substrates and are often found in
association with cellular membranes.[12] No other protein is
known to contain both a series of ankyrin repeats and a NBD.
The Skd3 NBD is from the HCLR clade of the AAA+ family
of proteins.[13] All members of the HCLR clade of AAA+

proteins couple ATP hydrolysis to protein disaggregation or
unfolding.[13] Despite the association with HCLR clade AAA+

proteins, the biochemical and cellular function of Skd3
remained unknown long after its initial discovery.[10a]

Challenges with purification of recombinant Skd3 limited
the study of its biochemical activity.[14] We discovered that
Skd3 has potent protein disaggregase activity in vitro against
diverse aggregated substrates.[6b] Additionally, another study
found that Skd3 had potent refoldase activity against mis-
folded substrates.[9] It was discovered that the 35 amino acid
hydrophobic region in Skd3 is cleaved off by the rhomboid
protease, PARL, in human cells and mice; however, the
biochemical relevance of this cleavage was not known.[15] We
discovered that removal of the hydrophobic region of Skd3 by
PARL increased Skd3 disaggregase activity by greater than
10-fold without appreciably altering its ATPase activity (Fig-
ure 2).[6b] PARL-cleaved Skd3 was even potent enough to
dissolve disease-associated α-synuclein fibrils.[6b,16] These
findings indicated that the hydrophobic region of Skd3 acted
as an inhibitory peptide to limit Skd3 disaggregase activity.[6b]
It is yet unclear how PARL cleavage of Skd3 is physiologi-
cally regulated and what factors enable or inhibit PARL-
mediated Skd3 cleavage and subsequent activation. For
example, it is possible that PARL cleavage of Skd3 increases
in response to stress. Alternatively, the inhibitory peptide may
limit Skd3 disaggregase activity until it is trafficked to the
mitochondria. These possibilities are not mutually exclusive.
Other post-translational modifications also likely impact Skd3
function; Skd3 is phosphorylated, acetylated, and potentially
ubiquitylated.[17] The consequence of these modifications are
not yet understood.

We discovered that Skd3 maintains protein solubility
within the mitochondrial intermembrane space.[6b] Indeed, in
the absence of Skd3, a large number of mitochondrial proteins
become aggregated and mitochondrial proteostasis is
perturbed.[6b,18] However, thus far Skd3 has only been shown to
have chaperone activity in cells; to demonstrate bona fide

disaggregase activity, careful experimental design is required.
The ANK is required for substrate interaction; therefore, it is
likely that the ANK is required for chaperone activity in
cells.[19] Indeed, the point mutation Y272C in the ANK reduces
Skd3 substrate solubility.[16]

A prominent protein that exhibits reduced solubility in the
absence of Skd3 is HAX1.[6b] HAX1 is a highly intrinsically
disordered, antiapoptotic protein, which functions via an
interaction with HTRA2 and PARL.[6b,20] Skd3 interacts with
HAX1.[6b,10b,11d,16,18–19,21] The ANK of Skd3 is required for
HAX1 binding; the PEST domain and an adjacent stretch of
amino acids in HAX1 are required for binding to Skd3 in
cells.[18a] Residue Y272 in Skd3 enables interaction with
HAX1 and residue L130 in HAX1 enables interaction with
Skd3.[18a] We demonstrated that Skd3 is required to maintain
HAX1 solubility in cells (Figure 2).[6b] Indeed, HAX1 forms
high molecular weight complexes in the presence of mutant
Skd3.[18b] The functional consequence of HAX1 aggregation
upon the loss of Skd3 function is not clear. Skd3 mutant cells
have increased apoptotic sensitivity, so it is possible that the
loss of HAX1 solubility drives increased apoptosis in Skd3
mutant cells.[21–22] However, Skd3 also interacts with and
maintains the solubility of other proteins involved in apoptosis
such as PARL, OPA1, HTRA2, and SMAC/DIABLO, which
may also contribute to the heightened apoptotic sensitivity of
Skd3 mutant cells (Figure 2).[6b,11d,19,21] Furthermore, Skd3
mutant cells display aberrant mitochondrial morphology and
inner mitochondrial membrane topology, which may also
increase apoptotic sensitivity.[21]

Skd3 engages and maintains the solubility of several other
important clients, including components of the mitochondrial
respiratory chain and its assembly factors, such as complex I
proteins NDUFA8, NDUFA10, NDUFA11, NDUFA13,
NDUFB7, NDUFB10, ACAD9, and TTC19; complex III
proteins CYC1 and COX11; and complex V proteins
ATP5F1A, ATP5F1B, ATP5F1C, ATP5PO, ATP5J2, and
ATP5MF among others (Figure 2).[6b,11d,19,21] Interestingly,
respiratory complex I, III, and TCA cycle proteins were
dysregulated in Skd3 knockout cells.[18a] Functionally, Skd3
deficiency results in decreased basal and maximal cellular
respiration.[21–22] We suggest that Skd3 regulates mitochondrial
respiratory complex assembly and activity by maintaining the
solubility of key respiratory chain components and assembly
factors.
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Additionally, several lines of evidence suggest that Skd3
engages mitochondrial calcium uniporter-associated proteins
(MCU), members of the mitochondrial carrier family (SLC25
family proteins), translocase of the inner membrane (TIM)
components, and Prohibitins (PHB1 and PHB2) (Fig-
ure 2).[6b,19] Skd3 interacts with MICU1, MICU2, MCUB, and
MCU and we found that Skd3 maintains MICU1 and MICU2
solubility in cells.[6b,19] The functional consequences of MICU1
and MICU2 insolubility are not known. Skd3 binds and
solubilizes the mitochondrial carrier family proteins
SLC25A13 (ARL2), SLC25A25, SLC25A32 (MTF),
SLC25A33, SLC25A36, and SLC25A39.[6b,11d,19] Skd3 also
maintains the solubility of 21 additional SLC25 family
proteins, including SLC25A4 (ANT1), SLC25A5 (ANT2),
SLC25A6 (ANT3), and SLC25A12 (ARL1).[6b,11d,19] Skd3

expression is upregulated in mice lacking the skeletal muscle/
heart ANT1 isoform.[23] We speculate that Skd3 may play a
role in chaperoning the insertion of SLC25 family members
into mitochondrial membranes from the IMS. There is also a
decrease in solubility of TIM components in Skd3 knockout
cells.[6b] Indeed, we suspect that these proteins might co-
aggregate with their substrates such as SLC25A family
members. Skd3 binds and solubilizes PHB1 and PHB2 and
was found to sub-stoichiometrically migrate with Prohibitin
assemblies via complexome profiling.[6b,18b,19] Functionally,
Skd3 has been suggested to play a role in RIG-I-MAVS
signaling via a PHB1/2, Skd3, and MAVS complex; however,
much remains understood about the interaction between Skd3
and PHB1/2.[11d]

Figure 1. Domain architecture of Skd3 and related AAA+ disaggregases. Domain map depicting S. cerevisiae Hsp104, E. coli ClpB, S. cerevisiae
Hsp78, and H. sapiens Skd3 (isoforms 1 and 2). Hsp104 is composed of a N-terminal domain (NTD), nucleotide-binding domain 1 (NBD1),
middle domain (MD), nucleotide-binding domain 2 (NBD2), and C-terminal domain (CTD). Bacterial ClpB is composed of a NTD, NBD1,
MD, and NBD2, but lacks a CTD. Hsp78 is composed of a mitochondrial-targeting signal (MTS), NBD1, MD, NBD2, and CTD. Skd3 is
composed of a MTS, a short hydrophobic inhibitory peptide, an ankyrin-repeat domain (ANK) containing four ankyrin repeats, an NBD that is
homologous to Hsp104/Hsp78/ClpB NBD2, and a CTD. The Skd3 CTD is not homologous to the Hsp104/Hsp78 CTD. Skd3 isoforms 1 and 2
differ in the loss of 30 amino acids within the linker region of the ANK.
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Often disaggregases and chaperones work in concert with
cochaperones to assist in protein disaggregation, unfolding,
and refolding.[6h,l,24] We found that unlike other AAA+

disaggregases such as Hsp104, Hsp78, and bacterial ClpB,
Skd3 does not collaborate with Hsp70 and Hsp40 cochaper-
ones to stimulate disaggregase activity.[6b] Skd3 lacks the
requisite middle domain of Hsp104 that enables Hsp70
interaction and the human mitochondrial Hsp70 (HSPA9/
Mortalin) and main Hsp40 (DNAJA3/TID1), reside within the
mitochondrial matrix and are thus unlikely to physiologically
interact with Skd3 to assist in substrate disaggregation or
refolding.[25] However, a unique mitochondrial Hsp40,
DNAJC11, resides within the IMS and interacts with Skd3.[19]
It is unknown whether Skd3 can collaborate with DNAJC11
for protein disaggregation or refolding. Interestingly, in the
absence of Skd3 or HAX1 the unphosphorylated (inactive)
form of HSP27 accumulates in mitochondria and HSP27
appears in the insoluble fraction of mitochondria.[18a] It is
unclear if Skd3 and HSP27 physically interact or can
collaborate in protein disaggregation as with Hsp104 and the
small heat shock proteins Hsp26 and Hsp42.[26] However,
HSP27 was recently discovered to play a role in mitochondrial
proteostasis in the IMS.[27]

3. Skd3 Mechanism and Structure

Biochemical studies of the domain architecture of Skd3 have
revealed the requirements for activity.[6b] PARL-cleaved Skd3

ATPase activity is stimulated by the presence of a model
substrate; however, when the hydrophobic region remains
attached to Skd3, ATPase activity is not stimulated by
substrate.[6b] We hypothesize that the hydrophobic region of
Skd3 may mimic substrate and consequently inhibit substrate
binding and disaggregation. We found that both the ANK and
NBD are required for Skd3 disaggregase activity and that they
cannot cooperate in trans.[6b] The ANK is comprised of two N-
terminal ankyrin repeats, a linker that displays some homology
to ankyrin repeats, and two C-terminal ankyrin repeats.[6b,28]
Unsurprisingly, the isolated ANK does not possess ATPase
activity; however, the isolated NBD only preserves ATPase
activity when residues 297–326 (corresponding to ankyrin
repeat #4 from the ANK) are present.[6b,19] The final helix of
ankyrin repeat #4 is contiguous with helix D1 in the NBD of
Skd3 and is not conserved in NBD2 of Hsp104 (Figure 3).[6b,28]
We hypothesize that this final ankyrin repeat maintains inter-
domain cooperativity between NBD and the ANK to enable
ATP hydrolysis. The Skd3 CTD is patterned by both acidic
and basic residues and removal of the CTD mildly increases
Skd3 ATPase activity without altering disaggregase activity.[28]
This finding suggests a role for the CTD in efficient coupling
of ATPase and disaggregase activity.

HCLR clade AAA+ proteins form homo-hexameric rings
mediated by their NBDs.[13,29] Skd3 forms higher order
oligomers in cells and in solution Skd3 has been observed as
both a hexamer and a dodecamer (Figure 4).[9,11a,14,19,28,30]
Dodecamer and hexamer formation is observed both with and
without substrate in the presence of ATP, ADP, the slowly

Figure 2. Skd3 is a disaggregase that maintains the solubility of important IMS proteins. The N-terminal inhibitory peptide of MPPSkd3 is
cleaved by the rhomboid protease PARL to unlock PARLSkd3 disaggregase activity (top, center). Skd3 is required to maintain the solubility of key
proteins in the IMS involved in apoptosis, mitochondrial protein import, mitochondrial calcium handling, prohibitin complexes, mitochondrial
solute transport, and mitochondrial respiration (from top center in clockwise order).
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Figure 3. Sequence alignment and secondary structural elements of Skd3. Alignment of the HCLR-clade NBD of H. sapiens Skd3, S. cerevisiae
Hsp104, S. cerevisiae Hsp78, E. coli ClpB, E. coli ClpA, and S. aureus ClpC. Sequences are from UniProt and aligned using ClustalOmega.
Consensus sequence is listed at the bottom. Secondary structural elements are shown as bars (α-helix) or arrows (β-strand) and are
enumerated with upper case (α-helix) or lower case (β-strand) letters. The large sub-domain of the NBDs is labeled in green, and the small
sub-domain of the NBDs is labeled in pink. This nomenclature is referenced throughout the manuscript and in Table 1.
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hydrolyzable ATP analog ATPγS, and the non-hydrolyzable
ATP analog AMP� PNP.[28,30b] Similar to other AAA+ proteins,
the formation of the homo-hexamer is mediated by the NBD
of Skd3 whereby adjacent Skd3 protomers assemble to form a
ring, with the nucleotide binding pocket of each NBD forming
at the interface between adjacent protomers (Figure 4).[19,28,30a]
In contrast, the dodecamer is mediated via the novel ANK and
is comprised of two hexamers forming head-to-head contacts
(Figure 4).[19,28,30a] Mutational analysis shows that Skd3 var-
iants lacking the first two ankyrin repeats or the final two
ankyrin repeats are all capable of dodecamer formation.[28]
However, deletion of the linker region resulted in a defect in
dodecamer formation.[28] It is yet unclear what functional role
the Skd3 dodecamer plays; mutations that abrogate the
dodecamer without altering the substrate-binding function of
the ANK will be of key importance. It has been suggested that

the Skd3 dodecamer might promote more effective substrate
disaggregation, refolding, or both.[28,30a] One study found that
Skd3 mutants deficient in dodecamer formation maintain
effective disaggregase activity but are defective in client
refolding; however, whether this effect is directly from
dodecamer formation or some other aspect of Skd3 function is
yet to be disambiguated.[30a]

Thus far the ANK has been poorly resolved in full-length
structures and the only high-resolution structures have been
from isolated ANKs.[16,19,28,30a] Crystal structures of the isolated
ANK from Skd3 isoform 1 and 2 have been resolved.[16,19] The
first three ankyrin repeats share the canonical helix-turn-helix-
hairpin-loop fold; however, the final ankyrin repeat does not
have the hairpin and has a 310-helix substituted for the first
helix.[16] Deletion of the first two ankyrin repeats, the linker, or
the final two ankyrin repeats decreased disaggregase activity

Figure 4. Skd3 forms hexamers and dodecamers and utilizes conserved AAA+ elements as well as unique features to power disaggregase
activity. Skd3 forms hexamers and dodecamers in solution. The hexamer is mediated by the NBDs arranged in a spiral staircase around
substrate with the ANKs protruding from the top of the hexamer. The dodecamer is comprised of two hexamers binding via head-to-head
contacts which are mediated by the ANKs (top). Skd3 utilizes conserved AAA+ elements such as the pore loop, Walker A, Walker B, sensor-I,
sensor-II, and R-finger motifs to power disaggregase activity. However, Skd3 also uses the unique ANK, a secondary arginine pore loop, an
insertion in the NBD, and a divergent CTD to regulate disaggregase activity (bottom).
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but had no significant effect on Skd3 ATPase activity.[19,28]
Deletion of the first two ankyrin repeats had the least drastic
effect; however, all three deletions maintained some level of
disaggregase activity.[28] Skd3 isoform 1 contains 30 additional
residues in the linker between ankyrin repeats 2 and 3.[16,19]
Isoform 1 has a β-hairpin-helix motif in the linker region
whereas isoform 2 has two short helices in the linker
region.[16,19] One report found that Skd3 isoform 1 and 2
displayed similar ATPase and disaggregase activity.[19] How-
ever, another study reported that Skd3 isoform 1 and 2
displayed similar ATPase activity in the presence of substrate,
but Skd3 isoform 2 displayed decreased basal ATPase
activity.[16] This study also suggested that Skd3 isoform 2
displayed increased disaggregase activity compared to isoform
1.[16] More research is required to determine the precise
differences between Skd3 isoforms 1 and 2.

The ANK has a hydrophobic groove, and it is tempting to
speculate that this groove acts as a substrate-binding site
analogous to the hydrophobic groove in the N-terminal domain
of Hsp104.[16,19,28,30a,31] Mutation of residues in this hydrophobic
groove ablated disaggregase activity, but it is yet unclear if
this effect is due to limiting substrate binding to the ANK.[30a]
In support of direct substrate binding by the ANK, the isolated
ANK was competent to bind a model substrate and exhibited
anti-aggregation activity against the amyloid-β (Aβ42)
peptide.[30a] Disease-associated mutations in the ANK also
limited Skd3 disaggregase activity.[6b,16,30a] It is suggested that
helix α5 of the ANK may compete with substrate
interaction.[16] In the full-length Skd3 structure, the ANKs are
more poorly resolved possibly due to the flexible or dynamic
nature of the domains.[19,28] In the hexamer, the ankyrin repeats
are arranged above the NBDs in a spiral around the central
pore.[28] Crystal structures and solution measurements of the
isolated ANK demonstrate a potential dimerization of the
ANKs and electron densities of the ANKs in the full-length
hexamer indicate proximity and possible dimerization of
adjacent ANKs.[16,28] The function of ANK dimerization is
unknown; mutations that ablate ANK dimerization will help to
understand the dimer.

The NBD has been well resolved in both full-length
structures and in structures of isolated NBD domains (Fig-
ure 4).[16,19,28,30a] The Skd3 homohexamer is comprised of
adjacent NBDs in a right-handed spiral staircase around a
central channel through which substrate is threaded (Fig-
ure 4).[19,28,30a] The protomers rise ~6 Å and rotate ~60° along
the substrate from protomers P1 to P5 and protomer P6 is at
the interface between the lowest (P1) and highest (P5)
protomers.[28] This spiral is reminiscent of the NBD2 from
ClpA, ClpB, and Hsp104.[28–29] The Skd3 NBD differs in that
the dual-ring AAA+ proteins have an additional NBD formed
in a spiral on top of the NBD2, whereas Skd3 has the ANKs
with flexible density arranged above the NBD.[28–29] The Skd3
tyrosine pore-loops (Y430) are likewise arranged in a spiral
staircase around substrate, directly bind substrate backbone,
and are the primary points of substrate contact within the
NBD.[28] Mutation of the tyrosine pore-loops and adjacent

residues (V431 and P427) abolishes disaggregase activity and
drastically diminish ATPase activity.[6b,18b,28] The ATPase
activity of most other HCLR clade AAA+ proteins is not
affected by pore-loop mutations;[13,32] however, pore loop
mutations in ClpC similarly abrogate ATPase activity.[33] We
speculate that there may be allosteric communication between
the tyrosine pore-loops in Skd3 and nucleotide-binding
residues required for ATP hydrolysis.

Like other HCLR-clade NBDs, Skd3 contains a secondary
pore-loop that is arranged in a spiral staircase around substrate,
but unlike other NBDs the identity of the amino acid at this
position is an arginine, R417.[28–29] Mutation of this residue
does not alter ATPase activity but completely abolishes
disaggregase activity.[28] Arginine has a guanidinium group
and thus can mimic the unfolding properties of guanidine
hydrochloride.[34] The AAA+ proteins p97/VCP and Vps4
have pore-facing arginines that similarly contact substrate.[35]
Due to the guanidyl group of these pore-facing arginines, these
residues have been proposed to form an ‘arginine denaturation
collar’ that fosters an environment that helps to promote or
maintain substrate unfolding within the central channel of p97/
VCP and Vps4.[35] We hypothesized that R417 might also act
as an arginine denaturation collar within the central pore of
Skd3 and thus play an essential role in protein disaggregation.
We measured the pore volume that contains all six arginine
groups to be ~575 Å3.[28] Assuming one arginine functional
group is equivalent to two-thirds of a guanidine molecule, the
six arginine residues facing into the central pore of Skd3
promote an effective guanidine concentration of 11.6 M.[28] A
guanidine concentration of 11.6 M is more than sufficient to
promote the unfolding of most proteins. This property would
be beneficial to disaggregases as substrates are in an unfolded
state in the central pore of AAA+ proteins and thus have
highly hydrophobic sites exposed which could in turn clog the
pore.[29] We propose that the Skd3 arginine denaturation collar
limits hydrophobic sticking of residues within the central pore.

The nucleotide-binding pockets within the Skd3 hexamer
are formed by the interface between two adjacent protomers.[28]
ATP occupies the nucleotide-binding pocket of protomers
P2� P5, which are also substrate-engaged protomers.[28] Proto-
mer P6 is in an apo (nucleotide unbound) state, whereas P1
likely contains ADP.[28] These data indicate that post-ATP-
hydrolysis subunits likely disengage from substrate.[28] Skd3
has a low Michaelis constant (~65 μM) for ATP hydrolysis,
which is about two orders of magnitude lower than that of
Hsp104.[9,28,36] Skd3 also can efficiently disaggregate at low
concentrations of ATP and is not as potently inhibited by ADP
as Hsp104.[28,36a,37] We hypothesize that Skd3 is biologically
tuned to operate as a disaggregase under conditions of
mitochondrial stress where ATP is limited and ADP is
elevated. The structure of the NBD and the nucleotide-binding
pocket is largely similar to other HCLR clade NBDs; however,
there is a unique insertion in the NBD between helix D10 and
D11 (residues L507� I534) that is not conserved in other
NBDs (Figure 3).[28] Deletion of this insertion results in
elevated ATPase and disaggregase activity, suggesting a
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potential role as a molecular handbrake for the Skd3 NBD
engine.[28]

The residues K387 (Walker A motif), E455 (Walker B
motif), N496 (sensor I motif), and R620 (sensor II motif) from
one protomer and R561 (arginine-finger motif) from the
adjacent protomer form the canonical nucleotide-binding
pocket.[28] The Walker A residue contacts the β- and γ-
phosphate of ATP and Walker B primes the water molecule
adjacent to the β- and γ-phosphate of ATP for nucleophilic
attack on the γ-phosphate of ATP.[13,28,38] The R-finger from
one protomer contacts the γ-phosphate of ATP in the
nucleotide-binding pocket of the adjacent protomer and is key
for ATP hydrolysis; whereas Sensor I coordinates the attacking
water residue relative to the γ-phosphate of ATP and transmits
a conformational change upon nucleotide engagement to
displace the R-finger in the adjacent nucleotide-binding
pocket.[13,28,38] The sensor II residue contacts both the β- and γ-
phosphate of ATP to mediate a conformational change that
sequesters the catalytic site from water.[13,28,38] Mutation of the
Walker A, Walker B, R-finger, Sensor I, and Sensor II residues
in Skd3 abolish both ATPase and disaggregase activity.[6b,22,28]

Skd3 is a highly, but subglobally cooperative enzyme in
which the incorporation of just two mutant subunits into a
hexamer can poison the disaggregase activity of the
hexamer.[22,28] However, subunits with different mutations have
different effects on the Skd3 hexamer.[28] Thus, by ranking
how resilient the hexamer is against subunits with different
AAA+ motif mutations we can draw conclusions about the
relative importance of those motifs for (1) ATP hydrolysis and
(2) coupling ATP hydrolysis to mechanical work. For ATPase
activity in descending order, Skd3 is most affected by sensor I,
R-finger, sensor II, Walker A, Walker B, and pore-loop
mutations. For disaggregase activity in descending order, Skd3
is most affected by R-finger, sensor I, Walker A, sensor II,
Walker B, and pore-loop mutations. We hypothesize that the
Skd3 hexamer is most sensitive to R-finger and sensor I
residues because they are involved in inter-subunit coordina-
tion of ATP hydrolysis.[28] We speculate that the Skd3 hexamer
is next most sensitive to Walker A and sensor II mutations
because they coordinate both the β- and γ-phosphates for ATP
hydrolysis.[28] Finally, we hypothesize that the priming of the
water molecule by the Walker B motif for nucleophilic attack
is the least important conserved motif within the Skd3
nucleotide binding-pocket as Skd3 hexamers can tolerate
incorporation of 2–4 Walker B mutant protomers for ATPase
activity and 3–4 mutant protomers for disaggregase activity.[39]
Ultimately, much is left to be understood about the coopera-
tivity of Skd3 protomers within the hexamer, and Skd3
hexamers within the dodecamer.

4. Skd3 in Disease

Biallelic mutations in Skd3 (human CLPB) are associated with
the severe mitochondrial metabolic disorder 3-meth-
ylglutaconic aciduria type VII (MGCA7) (Table 1).[10b,40]

Patients often present with symptoms that include 3-meth-
ylglutaconic aciduria, congenital cataracts, severe encephalop-
athy, epilepsy, neutropenia with frequent infections that can
develop into leukemia, and death in early childhood.[10b,40a–d]
Other symptoms can include medullary cysts, microcephaly,
small birth weight, severe psychomotor regression during
febrile episodes, severe hypertonia, prolonged clonic move-
ments, and nonprogressive intellectual disability.[10b,40a–d] A
recent publication has better characterized the neurologic
involvement of two MGCA7 patients and found reactive
astrogliosis, subependymal white matter loss, and striato-
thalamic neurodegeneration.[41] Treatment of patients with
granulocyte colony stimulating factor (G-CSF) for neutropenia
is common, yet there are no cures.[10b,40d]

A Skd3 zebrafish model using a CLPB antisense morpho-
lino oligonucleotide had an abnormal touch-evoked response
with increased swim velocity and tail beat frequency,
reminiscent of touch-evoked responses in patients.[40a] This
response is potentially indicative of increased neuronal circuit
excitability.[40a] A different CLPB zebrafish model had central
nervous system defects ranging from depletion of cerebellar
midline axonal connections to complete cerebellar atrophy,
which recapitulates the most penetrant phenotype in MGCA7
patients.[10b] There are no published CLPB mouse models, but
Skd3 is present in all mouse tissues and highly expressed in
heart, skeletal muscle, kidney, and testis.[10a] A CLPB mouse
will be valuable for determining the tissues and cell types
important for MGCA7 pathology. The molecular etiology of
MGCA7 is yet unclear; however, our data suggest that
mutations in Skd3 impair disaggregase (but not ATPase)
activity in a manner that correlates with the clinical severity of
disease (Figure 5).[6b] Indeed, mutations with a more severe
presentation in patients had a more severe defect in
disaggregase activity and mutations with more moderate
presentation in patients likewise had more moderate impair-
ment of disaggregase activity.[6b] In support of this correlation,
a MGCA7-associated mutation in the ANK of Skd3 impairs
chaperone activity in cells.[16] Biochemical and cellular
evidence is still needed for many of the reported mutations
(Table 1). The putative substrates most relevant for MGCA7
pathology are not known; intriguingly, Skd3 interacts with the
IMS protease, HTRA2, which is also mutated in 3-meth-
ylglutaconic aciduria type VIII (MGCA8).[6b,42] Whether Skd3
and HTRA2 impinge upon the same biochemical pathway in
3-methylglutaconic aciduria is unclear. We find it intriguing
that both PARL and HAX1 mutually interact with Skd3/
HTRA2 and are likewise implicated in the etiology of
mitochondrial disorders.[18a,20,42–43]

Monoallelic mutations in CLPB are associated with severe
congenital neutropenia (SCN) and cyclic neutropenia.[18,22]
SCN is characterized by arrest of granulocyte differentiation, a
propensity to develop myeloid malignancies, and frequent
infections.[22] As with MGCA7, treatment of SCN patients
with G-CSF appears to be beneficial.[18,22] Human hemato-
poietic progenitor cells with a Skd3 knockout or cells
expressing mutant Skd3 had impaired granulocyte differ-
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entiation and increased apoptosis.[22] We found that SCN-
associated de novo mutations inhibit Skd3 disaggregase
activity via a dominant-negative mechanism whereas MGCA7
mutations do not (Figure 5).[22,28] These SCN-linked mutant
subunits can oligomerize with wild-type Skd3 subunits into
hexamers and for some SCN-linked mutants, the incorporation
of only 1–2 mutant subunits is sufficient to inactivate the
hexamer (Figure 5).[28] SCN-linked mutations appear to be
distinct from MGCA7-linked mutations in that SCN-associated
mutations cluster within the nucleotide-binding pocket and
affect conserved AAA+ motifs such as Sensor-I, Sensor-II,
Walker A, and R-finger (Table 1).[28]

Importantly, MGCA7-linked Skd3 mutant subunits have
only minor effects on the disaggregase activity of WT Skd3
subunits within the hexamer.[28] Hence, gene therapy ap-
proaches to express WT Skd3 could be beneficial for
MGCA7. By contrast, SCN-linked Skd3 mutant subunits can
potently poison WT Skd3 subunits within the hexamer.[28]
Thus, increasing the expression of WT Skd3 may be less
impactful for SCN than MGCA7.[28] For SCN, an allele-
specific antisense oligonucleotide or gene-editing based
therapy to eliminate expression of the SCN-linked Skd3
variant might be more beneficial.[28]

Interestingly, HAX1 mutations are also associated with
SCN.[18a,20b] HAX1 is a substrate of Skd3 and MGCA7-linked
mutations inhibit Skd3� HAX1 binding and subsequent chaper-
one activity.[6b,16,18a] How interplay between HAX1 and Skd3
might contribute to disease is an important area of inves-
tigation.

Recently, Skd3 mutations were found to be associated with
premature/primary ovarian insufficiency (POI), a disorder of
female fertility which is characterized by a loss of ovarian
function and elevated levels follicle stimulating hormone.[44]
Patients with POI also have an increased risk of diabetes,
cardiovascular disease, osteoporosis, and early mortality.[44]
Treatment of POI patients using hormone replacement therapy
can minimize the risk of comorbidities.[44] Skd3 mutations
associated with POI were also associated with SCN, cyclic
neutropenia, and MGCA7 (Table 1).[44] Rare coding variants in
Skd3 have also been associated with earlier onset menopause,
suggesting an important role for Skd3 in female fertility.[45]
The variant with the most significant association with earlier
onset menopause was R598C; however, the functional
importance of this mutation has not been tested and no
causative link has yet been established.[45] Given the clinical
overlap between MGCA7, SCN, and POI CLPB mutations, it
is likely that at least some molecular etiology is shared.

A genome-wide screen identified Skd3 as important for
Venetoclax (an FDA-approved BCL-2 inhibitor) resistance.[21]
Skd3 is upregulated in Venetoclax-resistant cancer cells and in
acute myeloid leukemia (AML) patient samples.[21] Skd3
knockout sensitizes cells to apoptotic signaling and conse-
quently Venetoclax treatment.[21–22] Knockdown of Skd3
synergized with Venetoclax treatment to reduce cancer burden
in a murine xenograft AML model.[21] The mechanism by
which Skd3 reduction enables Venetoclax sensitivity is notTa
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understood, but it is proposed to act via increasing the
sensitivity to apoptosis by altering mitochondrial
morphology.[21] However, Skd3 could also sensitize cells to
apoptotic signaling via (1) altering mitochondrial calcium
handling, (2) inhibiting mitochondrial respiration, or (3) its
interaction with mitochondrial apoptotic/anti-apoptotic pro-
teins. We propose that Skd3 may be a strong pro-survival
signal, which may have relevance for many other cancers. In
support of the role of Skd3 as a pro-survival signal for cells,
high Skd3 expression is associated with poor prognosis for
castration-resistant prostate cancer.[46]

Disease genes are often at the center of key protein� protein
interaction hubs, which connect otherwise disparate
pathways.[47] Proteomics of putative Skd3 substrates reveal its
role at the nexus of mitochondrial biology in the intermem-
brane space.[6b] Although Skd3 has been implicated in other
human health conditions, more research into the associations
of CLPB with disease is certainly required.[48]

5. Summary and Outlook

Nine years ago, Skd3 was a protein that was often speculated
about,[49] but had no ascribed function or role in human
disease. In the convening years, mutations in Skd3 associated
with MGCA7, SCN, and POI have been discovered.[10b,22,44]
Functionally, Skd3 has been discovered to be a human
mitochondrial protein disaggregase that chaperones the inter-
membrane space.[6b] Skd3 has been found to play a role in
apoptosis and subsequently cancer resistance to apoptosis-
inducing drugs.[21–22] The structure of Skd3 has been revealed
and some of the mechanisms that underlie Skd3 function have
been elucidated.[28,30a] An important area of research moving
forward will be dissecting more of the mechanisms of Skd3
function, especially the role of the intriguing ANK. The
discovery of Skd3 as a human mitochondrial protein disag-
gregase has opened a new field of research. Understanding the
molecular and cellular pathways that distinguish MGCA7,

Figure 5. Disease-associated mutations in Skd3 inhibit disaggregase activity. Biallelic MGCA7-linked mutations in Skd3 inhibit Skd3
disaggregase but not ATPase activity in a manner that correlates with the clinical severity of the mutation (top). De novo, SCN-associated
mutations inhibit Skd3 disaggregase activity in a dominant-negative fashion by potently poisoning the heterohexameric ensemble. MGCA7-
linked mutations do not poison the Skd3 hexamer (bottom).
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SCN, and POI etiologies is a key area of ongoing interest.
Additionally, finding which mitochondrial processes are func-
tionally altered by Skd3 deficiency will be important.
Undoubtedly, we still have much to learn about Skd3.

Acknowledgements

This piece is dedicated to Jeff Kelly upon winning the Wolf
Prize in Chemistry. We thank Alex Rizo and Dan Southworth
for assistance in defining Skd3 pore volume. We thank Raju
Roy and Zarin Tabassum for critiques. R.R.C. was supported
by NIH grants T32GM008275, F31AG060672, and a Blavat-
nik Family Fellowship in Biomedical Research. J.S. is
supported by NIH grants R01GM099836, R01AG077771,
R01GM138690, and R21AG079609. The authors have no
conflicts, except for: J.S. is a consultant for Dewpoint
Therapeutics, ADRx, and Neumora. J.S. a shareholder and
advisor at Confluence Therapeutics.

Data Availability Statement

Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

References

[1] a) C. B. Anfinsen, Science 1973, 181, 223–230; b) C. B. Anfin-
sen, E. Haber, M. Sela, F. H. White, Jr., Proc. Natl. Acad. Sci.
USA 1961, 47, 1309–1314; c) S. W. Englander, Annu. Rev.
Biophys. 2023, 52, 1–18.

[2] a) F. U. Hartl, M. Hayer-Hartl, Nat. Struct. Mol. Biol. 2009, 16,
574–581; b) J. E. Rothman, R. Schekman, Cell 2011, 146, 851–
854; c) D. Balchin, M. Hayer-Hartl, F. U. Hartl, FEBS Lett. 2020,
594, 2770–2781.

[3] E. Chuang, A. M. Hori, C. D. Hesketh, J. Shorter, J. Cell Sci.
2018, 131, jcs189928.

[4] a) T. O. Vogler, J. R. Wheeler, E. D. Nguyen, M. P. Hughes,
K. A. Britson, E. Lester, B. Rao, N. D. Betta, O. N. Whitney,
T. E. Ewachiw, E. Gomes, J. Shorter, T. E. Lloyd, D. S.
Eisenberg, J. P. Taylor, A. M. Johnson, B. B. Olwin, R. Parker,
Nature 2018, 563, 508–513; b) M. P. Jackson, E. W. Hewitt,
Biomol. Eng. 2017, 7, 71.

[5] a) M. S. Hipp, P. Kasturi, F. U. Hartl, Nat. Rev. Mol. Cell Biol.
2019, 20, 421–435; b) J. W. Kelly, Sci Transl Med 2021, 13,
eaax0914; c) Y. S. Eisele, C. Monteiro, C. Fearns, S. E. Encalada,
R. L. Wiseman, E. T. Powers, J. W. Kelly, Nat. Rev. Drug
Discovery 2015, 14, 759–780; d) B. Portz, B. L. Lee, J. Shorter,
Trends Biochem. Sci. 2021, 46, 550–563.

[6] a) L. Huang, T. Agrawal, G. Zhu, S. Yu, L. Tao, J. Lin, R.
Marmorstein, J. Shorter, X. Yang, Nature 2021, 597, 132–137;
b) R. R. Cupo, J. Shorter, Elife 2020, 9, e55279; c) G. Zhu, D. S.
Harischandra, S. Ghaisas, P. Zhang, W. Prall, L. Huang, C.
Maghames, L. Guo, E. Luna, K. L. Mack, M. P. Torrente, K. C.
Luk, J. Shorter, X. Yang, Cell Rep. 2020, 33, 108418; d) L. Guo,
H. J. Kim, H. Wang, J. Monaghan, F. Freyermuth, J. C. Sung, K.
O’Donovan, C. M. Fare, Z. Diaz, N. Singh, Z. C. Zhang, M.

Coughlin, E. A. Sweeny, M. E. DeSantis, M. E. Jackrel, C. B.
Rodell, J. A. Burdick, O. D. King, A. D. Gitler, C. Lagier-
Tourenne, U. B. Pandey, Y. M. Chook, J. P. Taylor, J. Shorter,
Cell 2018, 173, 677–692 e620; e) J. Shorter, PLoS One 2011, 6,
e26319; f) D. A. Parsell, A. S. Kowal, M. A. Singer, S. Lindquist,
Nature 1994, 372, 475–478; g) P. Jaru-Ampornpan, K. Shen,
V. Q. Lam, M. Ali, S. Doniach, T. Z. Jia, S. O. Shan, Nat. Struct.
Mol. Biol. 2010, 17, 696–702; h) J. Krzewska, T. Langer, K.
Liberek, FEBS Lett. 2001, 489, 92–96; i) J. D. Baker, L. B.
Shelton, D. Zheng, F. Favretto, B. A. Nordhues, A. Darling, L. E.
Sullivan, Z. Sun, P. K. Solanki, M. D. Martin, A. Suntharalingam,
J. J. Sabbagh, S. Becker, E. Mandelkow, V. N. Uversky, M.
Zweckstetter, C. A. Dickey, J. Koren, 3rd, L. J. Blair, PLoS Biol.
2017, 15, e2001336; j) N. F. Darwich, J. M. Phan, B. Kim, E.
Suh, J. D. Papatriantafyllou, L. Changolkar, A. T. Nguyen, C. M.
O’Rourke, Z. He, S. Porta, G. S. Gibbons, K. C. Luk, S. G.
Papageorgiou, M. Grossman, L. Massimo, D. J. Irwin, C. T.
McMillan, I. M. Nasrallah, C. Toro, G. K. Aguirre, V. M.
Van Deerlin, E. B. Lee, Science 2020, 370; k) P. Goloubinoff, A.
Mogk, A. P. Zvi, T. Tomoyasu, B. Bukau, Proc. Natl. Acad. Sci.
USA 1999, 96, 13732–13737; l) J. R. Glover, S. Lindquist, Cell
1998, 94, 73–82; m) J. Shorter, Curr. Opin. Genet. Dev. 2017, 44,
1–8; n) J. Shorter, S. Lindquist, Science 2004, 304, 1793–1797.

[7] M. Schmitt, W. Neupert, T. Langer, J. Cell Biol. 1996, 134,
1375–1386.

[8] a) J. L. Burman, S. Pickles, C. Wang, S. Sekine, J. N. S. Vargas,
Z. Zhang, A. M. Youle, C. L. Nezich, X. Wu, J. A. Hammer, R. J.
Youle, J. Cell Biol. 2017, 216, 3231–3247; b) A. Erives, J.
Fassler, PLoS One 2015, 10, e0117192.

[9] D. Mroz, H. Wyszkowski, T. Szablewski, K. Zawieracz, R.
Dutkiewicz, K. Bury, S. B. Wortmann, R. A. Wevers, S.
Zietkiewicz, Biochim. Biophys. Acta Gen. Subj. 2020, 1864,
129512.

[10] a) F. Perier, C. M. Radeke, K. F. Raab-Graham, C. A. Vanden-
berg, Gene 1995, 152, 157–163; b) S. B. Wortmann, S. Zietkie-
wicz, M. Kousi, R. Szklarczyk, T. B. Haack, S. W. Gersting,
A. C. Muntau, A. Rakovic, G. H. Renkema, R. J. Rodenburg,
T. M. Strom, T. Meitinger, M. E. Rubio-Gozalbo, E. Chrusciel, F.
Distelmaier, C. Golzio, J. H. Jansen, C. van Karnebeek, Y.
Lillquist, T. Lucke, K. Ounap, R. Zordania, J. Yaplito-Lee, H.
van Bokhoven, J. N. Spelbrink, F. M. Vaz, M. Pras-Raves, R.
Ploski, E. Pronicka, C. Klein, M. A. Willemsen, A. P.
de Brouwer, H. Prokisch, N. Katsanis, R. A. Wevers, Am. J.
Hum. Genet. 2015, 96, 245–257.

[11] a) I. Thevarajan, M. Zolkiewski, A. Zolkiewska, Int. J. Biochem.
Cell Biol. 2020, 127, 105841; b) A. Botham, E. Coyaud, V. S.
Nirmalanandhan, M. Gronda, R. Hurren, N. Maclean, J. St-
Germain, S. Mirali, E. Laurent, B. Raught, A. Schimmer,
Proteomics 2019, 19, e1900139; c) H. Antonicka, Z. Y. Lin, A.
Janer, M. J. Aaltonen, W. Weraarpachai, A. C. Gingras, E. A.
Shoubridge, Cell Metab. 2020, 32, 479–497 e479; d) T.
Yoshinaka, H. Kosako, T. Yoshizumi, R. Furukawa, Y. Hirano, O.
Kuge, T. Tamada, T. Koshiba, iScience 2019, 19, 1065–1078.

[12] a) L. K. Mosavi, T. J. Cammett, D. C. Desrosiers, Z. Y. Peng,
Protein Sci. 2004, 13, 1435–1448; b) S. G. Sedgwick, S. J.
Smerdon, Trends Biochem. Sci. 1999, 24, 311–316.

[13] J. P. Erzberger, J. M. Berger, Annu. Rev. Biophys. Biomol. Struct.
2006, 35, 93–114.

[14] R. R. Cupo, J. Shorter, Bio Protoc 2020, 10, e3858.
[15] a) M. Spinazzi, E. Radaelli, K. Horre, A. M. Arranz, N. V.

Gounko, P. Agostinis, T. M. Maia, F. Impens, V. A. Morais, G.
Lopez-Lluch, L. Serneels, P. Navas, B. De Strooper, Proc. Natl.
Acad. Sci. USA 2019, 116, 277–286; b) S. Saita, H. Nolte, K. U.

Review

Isr. J. Chem. 2024, e202300153 (12 of 14) © 2024 Wiley-VCH GmbH

 18695868, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijch.202300153 by Jam

es Shorter , W
iley O

nline L
ibrary on [19/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1126/science.181.4096.223
https://doi.org/10.1073/pnas.47.9.1309
https://doi.org/10.1073/pnas.47.9.1309
https://doi.org/10.1146/annurev-biophys-062122-093517
https://doi.org/10.1146/annurev-biophys-062122-093517
https://doi.org/10.1038/nsmb.1591
https://doi.org/10.1038/nsmb.1591
https://doi.org/10.1016/j.cell.2011.08.041
https://doi.org/10.1016/j.cell.2011.08.041
https://doi.org/10.1002/1873-3468.13844
https://doi.org/10.1002/1873-3468.13844
https://doi.org/10.1038/s41586-018-0665-2
https://doi.org/10.1038/s41580-019-0101-y
https://doi.org/10.1038/s41580-019-0101-y
https://doi.org/10.1038/nrd4593
https://doi.org/10.1038/nrd4593
https://doi.org/10.1016/j.tibs.2020.12.005
https://doi.org/10.1038/s41586-021-03824-5
https://doi.org/10.1016/j.celrep.2020.108418
https://doi.org/10.1016/j.cell.2018.03.002
https://doi.org/10.1371/journal.pone.0026319
https://doi.org/10.1371/journal.pone.0026319
https://doi.org/10.1038/372475a0
https://doi.org/10.1038/nsmb.1836
https://doi.org/10.1038/nsmb.1836
https://doi.org/10.1016/S0014-5793(00)02423-6
https://doi.org/10.1371/journal.pbio.2001336
https://doi.org/10.1371/journal.pbio.2001336
https://doi.org/10.1073/pnas.96.24.13732
https://doi.org/10.1073/pnas.96.24.13732
https://doi.org/10.1016/S0092-8674(00)81223-4
https://doi.org/10.1016/S0092-8674(00)81223-4
https://doi.org/10.1016/j.gde.2017.01.008
https://doi.org/10.1016/j.gde.2017.01.008
https://doi.org/10.1126/science.1098007
https://doi.org/10.1083/jcb.134.6.1375
https://doi.org/10.1083/jcb.134.6.1375
https://doi.org/10.1083/jcb.201612106
https://doi.org/10.1371/journal.pone.0117192
https://doi.org/10.1016/j.ajhg.2014.12.013
https://doi.org/10.1016/j.ajhg.2014.12.013
https://doi.org/10.1016/j.biocel.2020.105841
https://doi.org/10.1016/j.biocel.2020.105841
https://doi.org/10.1016/j.cmet.2020.07.017
https://doi.org/10.1016/j.isci.2019.08.056
https://doi.org/10.1110/ps.03554604
https://doi.org/10.1016/S0968-0004(99)01426-7
https://doi.org/10.1146/annurev.biophys.35.040405.101933
https://doi.org/10.1146/annurev.biophys.35.040405.101933
https://doi.org/10.1073/pnas.1811938116
https://doi.org/10.1073/pnas.1811938116


Fiedler, H. Kashkar, A. S. Venne, R. P. Zahedi, M. Kruger, T.
Langer, Nat. Cell Biol. 2017, 19, 318–328.

[16] S. Lee, S. B. Lee, N. Sung, W. W. Xu, C. Chang, H. E. Kim, A.
Catic, F. T. F. Tsai, Nat. Commun. 2023, 14, 2028.

[17] P. V. Hornbeck, B. Zhang, B. Murray, J. M. Kornhauser, V.
Latham, E. Skrzypek, Nucleic Acids Res. 2015, 43, D512–520.

[18] a) Y. Fan, M. Murgia, M. I. Linder, Y. Mizoguchi, C. Wang, M.
Lyszkiewicz, N. Zietara, Y. Liu, S. Frenz, G. Sciuccati, A.
Partida-Gaytan, Z. Alizadeh, N. Rezaei, P. Rehling, S. Denner-
lein, M. Mann, C. Klein, J. Clin. Invest. 2022, 132; b) S. B.
Wortmann, S. Zietkiewicz, S. Guerrero-Castillo, R. G. Feich-
tinger, M. Wagner, J. Russell, C. Ellaway, D. Mroz, H.
Wyszkowski, D. Weis, I. Hannibal, C. von Stulpnagel, A.
Cabrera-Orefice, U. Lichter-Konecki, J. Gaesser, R. Windreich,
K. C. Myers, R. Lorsbach, R. C. Dale, S. Gersting, C. E. Prada, J.
Christodoulou, N. I. Wolf, H. Venselaar, J. A. Mayr, R. A.
Wevers, Genet. Med. 2021, 23, 1705–1714.

[19] D. Wu, Y. Liu, Y. Dai, G. Wang, G. Lu, Y. Chen, N. Li, J. Lin, N.
Gao, PLoS Biol. 2023, 21, e3001987.

[20] a) J. R. Chao, E. Parganas, K. Boyd, C. Y. Hong, J. T. Opferman,
J. N. Ihle, Nature 2008, 452, 98–102; b) C. Klein, M. Grudzien,
G. Appaswamy, M. Germeshausen, I. Sandrock, A. A. Schaffer,
C. Rathinam, K. Boztug, B. Schwinzer, N. Rezaei, G. Bohn, M.
Melin, G. Carlsson, B. Fadeel, N. Dahl, J. Palmblad, J. I. Henter,
C. Zeidler, B. Grimbacher, K. Welte, Nat. Genet. 2007, 39, 86–
92.

[21] X. Chen, C. Glytsou, H. Zhou, S. Narang, D. E. Reyna, A. Lopez,
T. Sakellaropoulos, Y. Gong, A. Kloetgen, Y. S. Yap, E. Wang, E.
Gavathiotis, A. Tsirigos, R. Tibes, I. Aifantis, Cancer Dis. 2019,
9, 890–909.

[22] J. T. Warren, R. R. Cupo, P. Wattanasirakul, D. H. Spencer, A. E.
Locke, V. Makaryan, A. A. Bolyard, M. L. Kelley, N. L. King-
ston, J. Shorter, C. Bellanne-Chantelot, J. Donadieu, D. C. Dale,
D. C. Link, Blood 2022, 139, 779–791.

[23] D. G. Murdock, B. E. Boone, L. A. Esposito, D. C. Wallace, J.
Biol. Chem. 1999, 274, 14429–14433.

[24] M. Zolkiewski, J. Biol. Chem. 1999, 274, 28083–28086.
[25] a) M. E. Desantis, E. A. Sweeny, D. Snead, E. H. Leung, M. S.

Go, K. Gupta, P. Wendler, J. Shorter, J. Biol. Chem. 2014, 289,
848–867; b) W. Voos, Biochim. Biophys. Acta 2013, 1833, 388–
399; c) J. Shorter, D. R. Southworth, Cold Spring Harb Perspect
Biol 2019, 11, a034033.

[26] a) M. L. Duennwald, A. Echeverria, J. Shorter, PLoS Biol. 2012,
10, e1001346; b) A. G. Cashikar, M. Duennwald, S. L. Lindquist,
J. Biol. Chem. 2005, 280, 23869–23875; c) M. Haslbeck, A.
Miess, T. Stromer, S. Walter, J. Buchner, J. Biol. Chem. 2005,
280, 23861–23868.

[27] E. Adriaenssens, B. Asselbergh, P. Rivera-Mejias, S. Bervoets, L.
Vendredy, V. De Winter, K. Spaas, R. de Rycke, G. van Isterdael,
F. Impens, T. Langer, V. Timmerman, Nat. Cell Biol. 2023, 25,
467–480.

[28] R. R. Cupo, A. N. Rizo, G. A. Braun, E. Tse, E. Chuang, K.
Gupta, D. R. Southworth, J. Shorter, Cell Rep. 2022, 40, 111408.

[29] a) K. E. Lopez, A. N. Rizo, E. Tse, J. Lin, N. W. Scull, A. C.
Thwin, A. L. Lucius, J. Shorter, D. R. Southworth, Nat. Struct.
Mol. Biol. 2020, 27, 406–416; b) A. N. Rizo, J. Lin, S. N. Gates,
E. Tse, S. M. Bart, L. M. Castellano, F. DiMaio, J. Shorter, D. R.
Southworth, Nat. Commun. 2019, 10, 2393; c) S. N. Gates, A. L.
Yokom, J. Lin, M. E. Jackrel, A. N. Rizo, N. M. Kendsersky,
C. E. Buell, E. A. Sweeny, K. L. Mack, E. Chuang, M. P.
Torrente, M. Su, J. Shorter, D. R. Southworth, Science 2017, 357,
273–279.

[30] a) A. Gupta, A. M. Lentzsch, A. Siegel, Z. Yu, U. S. Chio, Y.
Cheng, S. O. Shan, Sci. Adv. 2023, 9, eadf5336; b) Z. Spaulding,

I. Thevarajan, L. G. Schrag, L. Zubcevic, A. Zolkiewska, M.
Zolkiewski, Biochem. Biophys. Res. Commun. 2022, 602, 21–26.

[31] a) Z. M. March, K. Sweeney, H. Kim, X. Yan, L. M. Castellano,
M. E. Jackrel, J. Lin, E. Chuang, E. Gomes, C. W. Willicott, K.
Michalska, R. P. Jedrzejczak, A. Joachimiak, K. A. Caldwell,
G. A. Caldwell, O. Shalem, J. Shorter, Elife 2020, 9, e57457;
b) E. A. Sweeny, A. Tariq, E. Gurpinar, M. S. Go, M. A. Sochor,
Z. Y. Kan, L. Mayne, S. W. Englander, J. Shorter, J. Biol. Chem.
2020, 295, 1517–1538; c) A. Harari, G. Zoltsman, T. Levin, R.
Rosenzweig, FEBS J. 2022, 289, 5359–5377.

[32] M. E. DeSantis, E. H. Leung, E. A. Sweeny, M. E. Jackrel, M.
Cushman-Nick, A. Neuhaus-Follini, S. Vashist, M. A. Sochor,
M. N. Knight, J. Shorter, Cell 2012, 151, 778–793.

[33] F. Wang, Z. Mei, Y. Qi, C. Yan, Q. Hu, J. Wang, Y. Shi, Nature
2011, 471, 331–335.

[34] a) S. Frey, R. Rees, J. Schunemann, S. C. Ng, K. Funfgeld, T.
Huyton, D. Gorlich, Cell 2018, 174, 202–217 e209; b) A. S.
Woods, J. Proteome Res. 2004, 3, 478–484; c) P. E. Mason,
G. W. Neilson, C. E. Dempsey, A. C. Barnes, J. M. Cruickshank,
Proc. Natl. Acad. Sci. USA 2003, 100, 4557–4561; d) R. F.
Greene, Jr., C. N. Pace, J. Biol. Chem. 1974, 249, 5388–5393.

[35] a) M. D. Gonciarz, F. G. Whitby, D. M. Eckert, C. Kieffer, A.
Heroux, W. I. Sundquist, C. P. Hill, J. Mol. Biol. 2008, 384, 878–
895; b) B. DeLaBarre, J. C. Christianson, R. R. Kopito, A. T.
Brunger, Mol. Cell 2006, 22, 451–462.

[36] a) V. Grimminger, K. Richter, A. Imhof, J. Buchner, S. Walter, J.
Biol. Chem. 2004, 279, 7378–7383; b) E. C. Schirmer, C.
Queitsch, A. S. Kowal, D. A. Parsell, S. Lindquist, J. Biol. Chem.
1998, 273, 15546–15552.

[37] a) D. A. Hattendorf, S. L. Lindquist, EMBO J. 2002, 21, 12–21;
b) A. Klosowska, T. Chamera, K. Liberek, Elife 2016, 5, e15159.

[38] P. Wendler, S. Ciniawsky, M. Kock, S. Kube, Biochim. Biophys.
Acta 2012, 1823, 2–14.

[39] R. R. Cupo, Ph.D. thesis, University of Pennsylvania, 2021,
doi:20.500.14332/31965.

[40] a) J.-M. Capo-Chichi, S. Boissel, E. Brustein, S. Pickles, C.
Fallet-Bianco, C. Nassif, L. Patry, S. Dobrzeniecka, M. Liao, D.
Labuda, M. E. Samuels, F. F. Hamdan, C. V. Velde, G. A.
Rouleau, P. Drapeau, J. L. Michaud, J. Med. Genet. 2015, 0, 1–9;
b) M. Kanabus, R. Shahni, J. W. Saldanha, E. Murphy, V.
Plagnol, W. V. Hoff, S. Heales, S. Rahman, J. Inherited Metab.
Dis. 2015, 38, 211–219; c) C. Saunders, L. Smith, F. Wibrand, K.
Ravn, P. Bross, I. Thiffault, M. Christensen, A. Atherton, E.
Farrow, N. Miller, S. F. Kingsmore, E. Ostergaard, Am. J. Hum.
Genet. 2015, 96, 258–265; d) A. Kiykim, W. Garncarz, E.
Karakoc-Aydiner, A. Ozen, E. Kiykim, G. Yesil, K. Boztug, S.
Baris, Clin. Immunol. 2016, 165, 1–3; e) E. Farrow, A. Jay, J.
Means, S. Younger, R. Biswell, B. Koseva, I. Thiffault, T.
Pastinen, K. Pappas, H. Toriello, Am J Med Genet A 2023, 12,
2908–2912; f) B. Rivalta, A. Torraco, D. Martinelli, M. Luciani,
R. Carrozzo, A. Finocchi, Pediatr. Adolesc. Endocrinol. 2022,
33, e13782; g) R. Dong, K. Zhang, Y. Huang, Y. Jiang, Y. Lyu,
M. Gao, Z. Gai, Y. Liu, Zhonghua Yixue Yichuanxue Zazhi 2020,
37, 1014–1017; h) K. Zhang, Y. Huang, Y. Lyu, M. Gao, J. Ma,
Z. Gai, Y. Liu, Zhonghua Yixue Yichuanxue Zazhi 2020, 37, 423–
426; i) E. Pronicka, M. Ropacka-Lesiak, J. Trubicka, M.
Pajdowska, M. Linke, E. Ostergaard, C. Saunders, S. Horsch, C.
van Karnebeek, J. Yaplito-Lee, F. Distelmaier, K. Ounap, S.
Rahman, M. Castelle, J. Kelleher, S. Baris, K. Iwanicka-
Pronicka, C. G. Steward, E. Ciara, S. B. Wortmann, c. Additional
individual, J Inherit Metab Dis 2017, 40, 853–860; j) P. Lin, X.
Feng, S. Hao, L. Hui, C. Zhang, B. Zhou, L. Wang, J. Shi, Q.
Zhang, Zhonghua Yixue Yichuanxue Zazhi 2023, 40, 1377–1381.

Review

Isr. J. Chem. 2024, e202300153 (13 of 14) © 2024 Wiley-VCH GmbH

 18695868, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijch.202300153 by Jam

es Shorter , W
iley O

nline L
ibrary on [19/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/ncb3488
https://doi.org/10.1093/nar/gku1267
https://doi.org/10.1038/s41436-021-01194-x
https://doi.org/10.1371/journal.pbio.3001987
https://doi.org/10.1038/nature06604
https://doi.org/10.1038/ng1940
https://doi.org/10.1038/ng1940
https://doi.org/10.1158/2159-8290.CD-19-0117
https://doi.org/10.1158/2159-8290.CD-19-0117
https://doi.org/10.1182/blood.2021010762
https://doi.org/10.1074/jbc.274.20.14429
https://doi.org/10.1074/jbc.274.20.14429
https://doi.org/10.1074/jbc.274.40.28083
https://doi.org/10.1074/jbc.M113.520759
https://doi.org/10.1074/jbc.M113.520759
https://doi.org/10.1016/j.bbamcr.2012.06.005
https://doi.org/10.1016/j.bbamcr.2012.06.005
https://doi.org/10.1101/cshperspect.a034033
https://doi.org/10.1101/cshperspect.a034033
https://doi.org/10.1371/journal.pbio.1001346
https://doi.org/10.1371/journal.pbio.1001346
https://doi.org/10.1074/jbc.M502854200
https://doi.org/10.1074/jbc.M502697200
https://doi.org/10.1074/jbc.M502697200
https://doi.org/10.1038/s41556-022-01074-9
https://doi.org/10.1038/s41556-022-01074-9
https://doi.org/10.1016/j.celrep.2022.111408
https://doi.org/10.1038/s41594-020-0409-5
https://doi.org/10.1038/s41594-020-0409-5
https://doi.org/10.1126/science.aan1052
https://doi.org/10.1126/science.aan1052
https://doi.org/10.1016/j.bbrc.2022.02.101
https://doi.org/10.1074/jbc.RA119.011577
https://doi.org/10.1074/jbc.RA119.011577
https://doi.org/10.1111/febs.16441
https://doi.org/10.1016/j.cell.2012.09.038
https://doi.org/10.1038/nature09780
https://doi.org/10.1038/nature09780
https://doi.org/10.1016/j.cell.2018.05.045
https://doi.org/10.1021/pr034091l
https://doi.org/10.1073/pnas.0735920100
https://doi.org/10.1016/S0021-9258(20)79739-5
https://doi.org/10.1016/j.jmb.2008.09.066
https://doi.org/10.1016/j.jmb.2008.09.066
https://doi.org/10.1016/j.molcel.2006.03.036
https://doi.org/10.1074/jbc.M312403200
https://doi.org/10.1074/jbc.M312403200
https://doi.org/10.1074/jbc.273.25.15546
https://doi.org/10.1074/jbc.273.25.15546
https://doi.org/10.1093/emboj/21.1.12
https://doi.org/10.1016/j.bbamcr.2011.06.014
https://doi.org/10.1016/j.bbamcr.2011.06.014
https://doi.org/10.1007/s10545-015-9813-0
https://doi.org/10.1007/s10545-015-9813-0
https://doi.org/10.1016/j.ajhg.2014.12.020
https://doi.org/10.1016/j.ajhg.2014.12.020
https://doi.org/10.1016/j.clim.2016.02.008
https://doi.org/10.1007/s10545-017-0057-z
https://doi.org/10.1007/s10545-017-0057-z


[41] S. Darouich, S. Darouich, D. Gtari, H. Bellamine, Pediatr Dev
Pathol 2023, DOI: 10.1177/10935266231204785.

[42] H. Mandel, S. Saita, S. Edvardson, C. Jalas, A. Shaag, D.
Goldsher, E. Vlodavsky, T. Langer, O. Elpeleg, J. Med. Genet.
2016, 53, 690–696.

[43] a) L. K. Chaganti, S. Dutta, R. R. Kuppili, M. Mandal, K. Bose,
Biochem. J. 2019, 476, 2965–2980; b) L. Cilenti, M. M.
Soundarapandian, G. A. Kyriazis, V. Stratico, S. Singh, S. Gupta,
J. V. Bonventre, E. S. Alnemri, A. S. Zervos, J. Biol. Chem.
2004, 279, 50295–50301.

[44] E. J. Tucker, M. J. Baker, D. H. Hock, J. T. Warren, S. Jaillard,
K. M. Bell, R. Sreenivasan, S. Bakhshalizadeh, C. A. Hanna,
N. J. Caruana, S. B. Wortmann, S. Rahman, R. D. S. Pitceathly, J.
Donadieu, A. Alimi, V. Launay, P. Coppo, S. Christin-Maitre, G.
Robevska, J. van den Bergen, B. L. Kline, K. L. Ayers, P. N.
Stewart, D. A. Stroud, D. Stojanovski, A. H. Sinclair, J. Clin.
Endocrinol. Metab. 2022, 107, 3328–3340.

[45] L. D. Ward, M. M. Parker, A. M. Deaton, H. C. Tu, A. O. Flynn-
Carroll, G. Hinkle, P. Nioi, HGG Adv 2022, 3, 100079.

[46] E. A. Pudova, G. S. Krasnov, A. A. Kobelyatskaya, M. V.
Savvateeva, M. S. Fedorova, V. S. Pavlov, K. M. Nyushko, A. D.
Kaprin, B. Y. Alekseev, D. Y. Trofimov, G. T. Sukhikh, A. V.
Snezhkina, A. V. Kudryavtseva, Front. Genet. 2020, 11, 613162.

[47] J. J. Cai, E. Borenstein, D. A. Petrov, Genome Biol Evol 2010, 2,
815–825.

[48] a) Y. Hu, Y. Xu, L. Mao, W. Lei, J. Xiang, L. Gao, J. Jiang, L. A.
Huang, O. J. Luo, J. Duan, G. Chen, Front Aging 2021, 2,
797040; b) M. S. Zaki, O. M. Eid, M. M. Eid, A. M. Mohamed,
I. S. M. Sayed, M. S. Abdel-Hamid, G. M. H. Abdel-Salam,
Cytogenet. Genome Res. 2019, 159, 130–136; c) K. Mittal, V. F.
Goncalves, R. Harripaul, A. B. Cuperfain, B. Rollins, A. K.
Tiwari, C. C. Zai, M. Maciukiewicz, D. J. Muller, M. P. Vawter,
J. L. Kennedy, Schizophr Res 2017, 187, 67–73.

[49] M. P. Torrente, J. Shorter, Prion 2013, 7, 457–463.

Manuscript received: November 3, 2023
Revised manuscript received: December 14, 2023

Version of record online: ■■■, ■■■■

Review

Isr. J. Chem. 2024, e202300153 (14 of 14) © 2024 Wiley-VCH GmbH

 18695868, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijch.202300153 by Jam

es Shorter , W
iley O

nline L
ibrary on [19/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1177/10935266231204785
https://doi.org/10.1136/jmedgenet-2016-103922
https://doi.org/10.1136/jmedgenet-2016-103922
https://doi.org/10.1042/BCJ20190569
https://doi.org/10.1074/jbc.M406006200
https://doi.org/10.1074/jbc.M406006200
https://doi.org/10.1210/clinem/dgac528
https://doi.org/10.1210/clinem/dgac528
https://doi.org/10.1093/gbe/evq064
https://doi.org/10.1093/gbe/evq064
https://doi.org/10.1159/000504075
https://doi.org/10.1016/j.schres.2017.06.046
https://doi.org/10.4161/pri.27531


REVIEW
R. R. Cupo, Dr. J. Shorter*

1 – 15

Decoding Skd3 (Human CLPB): a
Mitochondrial Protein Disaggre-
gase Critical for Human Health

 18695868, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijch.202300153 by Jam

es Shorter , W
iley O

nline L
ibrary on [19/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Decoding Skd3 (Human CLPB)꞉ a Mitochondrial Protein Disaggregase Critical for Human Health
	1. Introduction
	2. Skd3 Function
	3. Skd3 Mechanism and Structure
	4. Skd3 in Disease
	5. Summary and Outlook
	Acknowledgements
	Data Availability Statement


