
UCSF
UC San Francisco Previously Published Works

Title
Dodecamer assembly of a metazoan AAA+ chaperone couples substrate extraction to 
refolding

Permalink
https://escholarship.org/uc/item/571947sn

Journal
Science Advances, 9(19)

ISSN
2375-2548

Authors
Gupta, Arpit
Lentzsch, Alfred M
Siegel, Alex
et al.

Publication Date
2023-05-10

DOI
10.1126/sciadv.adf5336
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/571947sn
https://escholarship.org/uc/item/571947sn#author
https://escholarship.org
http://www.cdlib.org/


B IOCHEMISTRY

Dodecamer assembly of a metazoan AAA+ chaperone
couples substrate extraction to refolding
Arpit Gupta1†, Alfred M. Lentzsch1†, Alex Siegel1†, Zanlin Yu2‡, Un Seng Chio2, Yifan Cheng2,3,
Shu-ou Shan1*

Ring-forming AAA+ chaperones solubilize protein aggregates and protect organisms from proteostatic stress. In
metazoans, the AAA+ chaperone Skd3 in the mitochondrial intermembrane space (IMS) is critical for human
health and efficiently refolds aggregated proteins, but its underlying mechanism is poorly understood. Here,
we show that Skd3 harbors both disaggregase and protein refolding activities enabled by distinct assembly
states. High-resolution structures of Skd3 hexamers in distinct conformations capture ratchet-like motions
that mediate substrate extraction. Unlike previously described disaggregases, Skd3 hexamers further assemble
into dodecameric cages in which solubilized substrate proteins can attain near-native states. Skd3 mutants de-
fective in dodecamer assembly retain disaggregase activity but are impaired in client refolding, linking the dis-
aggregase and refolding activities to the hexameric and dodecameric states of Skd3, respectively. We suggest
that Skd3 is a combined disaggregase and foldase, and this property is particularly suited to meet the complex
proteostatic demands in the mitochondrial IMS.
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INTRODUCTION
Protein homeostasis is essential for the survival and proper func-
tioning of cells and requires the correct folding, localization, and
quality control of most of the proteome (1). Misfolding and aggre-
gation of proteins, especially under stress conditions, deprive cells
of functional proteins and generate toxic species that lead to a
variety of protein misfolding diseases (2). To overcome this
problem, cells evolved a diverse set of molecular chaperones that
participate in every aspect of protein folding and quality control.
For example, heat shock protein 70/40 (Hsp70/40) act as central
hubs that interact with numerous newly synthesized proteins in
the cell (3). Hsp70s protect unfolded or partially unfolded proteins
from aggregation and, via cochaperone [e.g., Hsp40 (4) and nucle-
otide exchange factors (5)]–regulated adenosine triphosphatase
(ATPase) cycles, can release client proteins in a conformation con-
ducive to folding (6, 7). Chaperonins, such as the bacterial GroEL
and eukaryotic TRiC/CCT complexes, form two stacked seven- to
nine-membered rings that encapsulate unfolded polypeptides in a
central cavity, which provide a protected environment to facilitate
client folding (8–10). In addition, small Hsps act as “holdases” by
binding non-native states of proteins at early stages of misfolding,
thus preventing the accumulation of irreversible protein aggregates
(11). Together, the diverse activities of the different chaperone
systems provide a robust network that maintains homeostasis of
the proteome.

A special class of molecular chaperones, represented by ClpB in
bacteria and Hsp104/Hsp78 in yeast, can further extract proteins
from their aggregates and rescue folding (12, 13). These

“disaggregases” are members of the ATPases associated with
diverse cellular activities (AAA+) family, which assemble into hex-
americ rings via their nucleotide-binding domains (NBDs) and use
ATPase cycles to power the generation of mechanical force. Each
NBD extends a pore loop to contact the client protein via a con-
served aromatic residue (14). Together, the pore loops form a con-
stricted central pore in the NBD ring through which client proteins
are threaded in an unfolded conformation, and this threading activ-
ity provides the fundamental mechanism by which ClpB/Hsp104
extract substrates from the aggregate (15–17). Extensive structural
work on protein-threading AAA+ members showed that the pore
rings form a spiral staircase surrounding the substrate protein,
and that the NBD rings adopt varying degrees of spiral distortion
linked to the nucleotide state of individual ATPase sites [reviewed
in (18)]. These works support a sequential mechanism of substrate
translocation in which individual NBD protomers progress around
the ring and dissociate from the neighboring subunit at the bottom
of the spiral upon adenosine triphosphate (ATP) hydrolysis and nu-
cleotide dissociation, and reassociate with the protomer at the top
position upon binding ATP; these coordinated movements propel
stepwise substrate translocation (18–20). ClpB/Hsp104/Hsp78
belong to type II AAA+ ATPases that contain two NBD rings
working in alternating cycles, with the second NBD (NBD2)
serving as the main ATPase motor during substrate translocation.
Last, the ability of ClpB/Hsp104/Hsp78 to solubilize and refold ag-
gregated proteins relies on coordination with the Hsp40/70 chaper-
ones (15, 21), which recruit these AAA+ chaperones to protein
aggregates, allosterically activate the NBD, and assist in the
folding of client proteins after they are released from the AAA+ dis-
aggregase (22, 23).

AAA+-powered disaggregase systems are essential for protecting
bacterial and yeast cells from extensive proteotoxic stress. Curiously,
at the evolutionary transition to metazoans, ClpB/Hsp104/Hsp78
were lost (24), raising puzzling questions about whether and how
higher eukaryotic organisms “repair” aggregated proteins.
Notably, a partial homolog of ClpB/Hsp104, Skd3, is present in
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the intermembrane space (IMS) of mitochondria in multiple meta-
zoan lineages (25–28). Skd3 knockout leads to the aggregation of a
variety of mitochondrial proteins and impairs the innate immune
response in cell culture studies (27, 29). In vivo, Skd3 is ubiquitously
expressed but has particularly high expression levels in adult brain
tissue (30). A variety of mutations in Skd3 are linked to a severe mi-
tochondria disorder, 3-methylglutaconic aciduria (3-MGCA), an
autosomal recessive disorder with clinical features that include cat-
aracts, neurological disorder, intellectual disability, and severe con-
genital neutropenia that can develop into leukemia (30–35).

The mitochondrial IMS is a complex proteostatic environment
where a variety of protein biogenesis events occur (36, 37). Mito-
chondrial inner membrane proteins and matrix proteins need to
be maintained in a largely unfolded, translocation-competent con-
formation while also protected from aggregation as they transit
through the IMS. On the other hand, proteins or domains that
reside in the IMS need to undergo folding, assembly, and matura-
tion. The small volume of the IMS further renders the local concen-
tration of proteins very high and thus prone to aggregation.
However, little is known about protein folding in the mitochondrial
IMS. With the exception of the Mia40/Erv system, which catalyzes
oxidative protein folding, and the small translocases of the inner
membrane (TIM) proteins, specialized for the import of TIM sub-
units and carriers, no homologs of Hsp40/70/60 have been identi-
fied in the mitochondrial IMS. Although it has been suggested that
AAA+ proteases in the mitochondrial IMS contribute to protein
folding, this hypothesis is based mainly on observations with pro-
tease-deficient mutants. The discovery of Skd3 raises the possibility
that it may serve as one of the missing general chaperones in the
mitochondrial IMS.

Despite its importance in physiology and pathology, the precise
roles and mechanisms of Skd3 are poorly understood. Molecularly,
Skd3 is a unique fusion of an AAA+ ATPase domain, which shares
homology with NBD2 of ClpB/Hsp104 (24), to an N-terminal
ankyrin repeat domain (ARD), a repeat protein scaffold that partic-
ipates in diverse protein-protein interactions (Fig. 1A). Newly syn-
thesized Skd3 also contains an N-terminal mitochondrial targeting
sequence (MTS) that directs its import into mitochondria, where it
is sequentially processed by the MPP and PARL proteases (Fig. 1A)
(26, 27). Cupo and Shorter (27) showed that Skd3 is strongly acti-
vated upon PARL-mediated cleavage and that PARLSkd3 is a highly
potent, stand-alone chaperone. In the absence of additional chaper-
ones, PARLSkd3 reactivates aggregated luciferase with efficiencies
higher than that of the Hsp104/70/40 system and even solubilizes
amyloid fibril formed by α-synuclein, whose aggregation is linked
to Parkinson’s. Multiple disease-linked mutations in the NBD and
ARD of Skd3 impair the reactivation of luciferase aggregates,
linking defects in the chaperone activity of Skd3 to pathology (27,
38). Recent cryo–electron microscopy (cryo-EM) structures of an
Skd3 hexamer revealed that the NBD of Skd3 forms a hexameric
spiral in which multiple pore loop residues from each protomer
grip the substrate polypeptide, suggesting that it uses a substrate
translocation mechanism conserved among AAA+ disaggregases
(38, 39). However, the molecular mechanism underlying Skd3’s ef-
fective chaperone activity is poorly understood.Most previous work
described Skd3 as a disaggregase akin to ClpB and Hsp104, but how
a client protein is efficiently refolded by Skd3 in the absence of ad-
ditional chaperones is unexplained. Lastly, multiple recent studies
reported unusual higher-order assembly of Skd3, showing that

Skd3 hexamers can further form dodecamers via contacts
between the ARDs (25, 26, 38, 39). The roles of the unusual assem-
bly states of Skd3 remain elusive.

In this work, we address these questions using a combination of
structural and biochemical studies. We obtained two cryo-EM
structures of substrate-bound PARLSkd3 hexamers in “open” and
“closed” spiral conformations, which capture the disaggregase at
different stages of substrate translocation. Akin to the observation
from other laboratories, PARLSkd3 also forms a cylindrical cage–
shaped dodecamer that harbors a large internal cavity. Biochemical
studies show that solubilized luciferase is protected by PARLSkd3
until it reaches a conformation committed to folding, contrary to
expectations for the threading mechanism that describes ClpB/
Hsp104. Mutations in the ARD that disrupt the dodecamer inter-
face specifically impair client refolding, suggesting that disaggrega-
tion and refolding can be attributed, respectively, to the hexamers
and dodecamers of Skd3. Last, the ARD can directly mediate sub-
strate interactions. On the basis of these data, we suggest a working
model for how Skd3 couples disaggregation to client refolding to
provide an effective repair mechanism for misfolded proteins.

RESULTS
To obtain chaperone-active PARLSkd3, we expressed it as a C-termi-
nal fusion to His6-SUMO. After affinity purification of the fusion
protein, cleavage using the SUMO protease Ulp1 generates
PARLSkd3 containing a defined, native N terminus, which was
further purified by size exclusion chromatography to >95% purity
(fig. S1A).

To assess the oligomerization of PARLSkd3, we used mass pho-
tometry, which provides an accurate measurement of the mass of
individual molecules and complexes in solution (40). As mass pho-
tometry operates at submicromolar protein concentrations, we used
PARLSkd3 bearing a mutation in the Walker B (WB) motif (E455Q)
to facilitate detection of Skd3 oligomers, as this mutation reduces
ATP hydrolysis rates and thus enhances hexamer assembly.
PARLSkd3_WB is primarily distributed between three species with
measured molecular masses consistent with monomer, hexamer,
and dodecamer (Fig. 1B). The population of Skd3 hexamer relative
to the monomer is increased by higher Skd3 concentration (Fig. 1B)
and by conditions that reduce ATP hydrolysis, including the WB
mutation, the slowly hydrolyzing ATP analog ATPγS, and the non-
hydrolyzable ATP analog AMPPNP (fig. S1, B to E), confirming that
PARLSkd3 hexamer assembly is strongly dependent on high ATP oc-
cupancy. On the other hand, dodecamers were observed under all
conditions that support substantial hexamer formation, suggesting
that they are formed by dimerization of hexamers (Fig. 1B and fig.
S1, B to E).

Single-particle cryo-EM analysis confirmed the presence of
higher oligomeric states in PARLSkd3 (Fig. 1C), as reported previ-
ously (25, 38, 39). Top views of the two-dimensional (2D) class av-
erages of PARLSkd3_WB bound to ATPγS showed exclusively
hexameric rings (Fig. 1C). In side views, particles containing two
or three “rings” were observed, and the latter is consistent with
the assembly of two hexamers sandwiching the ARD (Fig. 1C). In
addition to hexameric rings, wild-type PARLSkd3 in ATPγS also
formed heptameric rings that can further assemble into higher-
order structures (fig. S1F), as was observed in other studies (38,
39). Because the significance of Skd3 heptamer is unclear and
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because the assembly of PARLSkd3_WB is more robust and homo-
geneous compared to PARLSkd3, we carried out the subsequent data
collection and structural analyses with PARLSkd3_WB assembled in
ATPγS. Particle classification (fig. S2) allowed the reconstruction of
both the hexamer complex (Figs. 1D and 2), which we describe first,
and the dodecamer complex (Figs. 1E and 3), which is de-
scribed later.

PARLSkd3 hexamer structures reveal ratchet-like
movements implicated in substrate translocation
PARLSkd3_WB hexamer was reconstructed to an overall resolution
of 2.77 Å (Fig. 2A, fig. S3, and Table 1). Local resolution ranged
from ~2.5 Å in the core of the NBD ring to 3 to 7 Å in the peripheral
regions, the P1 protomer, and the ARDs, probably due to

conformational flexibility in regions of low resolution (fig. S3A).
Except for solvent-exposed loops (524 to 536 and 655 to 675),
main-chain atoms could be traced throughout the NBDs starting
at residue 318, and side-chain densities were resolved for most res-
idues in the final sharpened map of the NBD hexamer (Fig. 2A and
fig. S3G). This allowed us to build an atomic model of the hexamer
(Fig. 2B) by rigid-body docking of an AlphaFold-predicted model
(41) followed by iterative cycles of manual adjustment in COOT
(42) and real-space refinement in Phenix (43). The P1 protomer
contains regions with lower resolution than the remainder of the
NBD hexamer (fig. S3A) and was therefore modeled on the basis
of rigid-body docking of the model for the P4 protomer. The indi-
vidual NBDs follow the canonical D2 domain structure of ClpB and
Hsp104, with a large and a small subunit that cradle ATP.

Fig. 1. PARLSkd3 assembles into both hexamer and dodecamer. (A) Scheme depicting the domain composition of Skd3 and its sequential proteolytic processing in
mitochondria. (B) Mass photometry measurements of the oligomeric state of PARLSkd3_WB at different concentrations in the presence of 2 mM ATP. Gaussian fits of the
data (black lines) yield the indicated population of particles in each assembly state. The measured masses of the three populations are indicated and consistent with the
predicted molecular weight of PARLSkd3 monomer (66 kDa), hexamer (396 kDa), and dodecamer (792 kDa). (C) Representative top and side views of cryo-EM 2D class
averages of ATPγS-bound PARLSkd3_WB. Scale bar, 100 Å. (D) Low pass–filtered cryo-EM maps of the Skd3 hexamer. Green highlights the EM density for the bound
substrate. (E) Cryo-EM map of the Skd3 dodecamer.
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Compared to ClpB, Skd3 has a 14–amino acid insertion in the D10
helix that protrudes sideways into solvent, followed by an extended
loop (residues 522 to 534) that connects D10 to D11 (fig. S4A). The
structures of the individual Skd3 protomers superimpose with a
root mean square deviation (RMSD) of <0.6 Å, except for a ~20°
inward bend of the interdomain helix in the P6 protomer (fig. S4A).

The NBD ring in most Skd3 hexamers adopts a right-handed
open spiral conformation, with P1 to P6 designating the protomers
from the lowest to the uppermost positions in the spiral. The pore
rings of all six protomers are well resolved and contact an additional
contiguous elongated density in the central pore (Figs. 1D and 2A),
which was interpreted to arise from a trapped substrate polypeptide
and modeled as a poly-alanine chain in the extended conformation.
Each protomer contacts the substrate via multiple interactions (Fig.
2, B and C). The conserved Y430 and V431 in the pore loop form
the main contacts that clamp the substrate. Analogous to ClpB and
Hsp104, Skd3 has a secondary pore loop with multiple residues
(E416 and H418) positioned near the substrate polypeptide, al-
though not as close as the primary pore loop (Fig. 2C, right).
E416 and H418 are positioned such that they may form interproto-
mer contacts with the clockwise neighbor. Compared to the Skd3
hexamer structure from Cupo et al. (38), the Skd3 spiral in the
current structure is more extended (Fig. 2B), allowing the pore
loop contacts of the six protomers to descend along a total of 12

amino acids in the substrate polypeptide in a steep spiral staircase,
each spanning two amino acids (5.5 Å) and completing a 60° turn
(Fig. 2C, left).

The resolution of the NBD structure allowed us to assign the nu-
cleotide states of the individual ATPase sites based on the density
for the bound ATPγS and the position of key catalytic residues.
The Skd3 ATPase site consists of the canonical Walker A motif
(K387 and T388), WB motif (D454 and E455), sensor 1 (N496),
sensor 2 (R620), the catalytic arginine finger R561, and a network
of hydrophobic residues contacting the adenine moiety (Fig. 2D).
The catalytic side chains are well resolved in protomers P2 to P5
and less well resolved in P1 and P6, suggesting higher flexibility
in these seam protomers (fig. S4C). Protomers 2 to 6 show well-re-
solved density for ATPγS, which coordinates a Mg2+ via the non-
bridging oxygens on the β- and γ-phosphates (Fig. 2D and fig.
S4C). In addition, the arginine finger R561 from the clockwise
neighboring protomer was positioned near the γ-phosphate in P2
to P6, a hallmark of the catalytically active conformation. In the
P1 protomer, in contrast, weaker and partial density was observed
for ATPγS, and the catalytic contact from R561 is missing (fig. S4C).
Thus, protomers P2 to P6 are ATP-bound in the open spiral of Skd3,
whereas P1 is likely in a mixture of post-hydrolysis and apo states.

The structure rationalizes many disease-linked mutations in
Skd3 (fig. S5). Residues R408, E435, Y617, R628, and E639 lie on

Fig. 2. Cryo-EM structures of substrate-bound PARLSkd3 hexamers. (A and B) Top (left) and side (right) of the high-resolution sharpened EM density map (A) and
molecular model (B) for the Skd3 NBD ring. The bound substrate is in green. (C) Left, overview of the arrangement of the pore loops surrounding the bound substrate in
the open spiral conformation of the Skd3 NBD. Right, zoom in of the contacts of the pore 1 and pore 2 loops with substrate and with one another. (D) Active site
interaction of the bound ATP in the P4 protomer. (E) Comparison of the 3DVA-derived EM density maps for the closed and open spiral conformations of the Skd3
NBD. A lower threshold for the EM density was used to visualize the flexible P6 protomer in the closed conformation. Color coding and the position of the individual
protomers are indicated in the scheme below. (F) The Skd3 ARD and the interdomain linker were fit as a rigid body to the non-NBD EM density in the low-pass filtered
density map of the PARLSkd3 hexamer.
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the interface with the clockwise neighboring protomer; R417 and
R475 interact with the counterclockwise neighbor. Mutation of
these residues is therefore anticipated to disrupt ring assembly.
E435 and R417 are also part of the pore 1 and pore 2 loops, respec-
tively, and could help position the pore loops for substrate interac-
tions. Cupo et al. (38) showed that R417 plays a more important role
in Skd3 than in ClpB/Hsp104. M411, H460, C486, and Y567 form

the folded core of the large subunit in each protomer, and I682,
R650, A591, and G646 stabilize folding of the small subunit.
Their mutations are therefore likely to disrupt the folding of the in-
dividual NBDs.

The lower resolution of the P1 protomer suggests conformation-
al heterogeneity in the seam protomers. Consistent with this notion,
additional EM density was observed at the P1-P6 junction at

Fig. 3. PARLSkd3 dodecamer forms a fenestrated
cylindrical cage with the ARD mediating the in-
terface between hexamers. (A) Side and face views
of the EM density maps of the upper (red) and lower
(blue) NBD rings of the Skd3 dodecamer after
focused refinement. The masks used for focused
refinement are shown. (B) Cut-through view of the

PARLSkd3 dodecamer. Folded luciferase in surface
representation [Protein Data Bank (PDB) #1LCI] is
shown for comparison. (C) Left, overlay of the do-
decamer map with model. The molecular model of
the open Skd3 NBD (Fig. 2B) was fit as a rigid body to
the NBD density. The AlphaFold-predicted model of
the ARD-interdomain linker region was fit as a
second rigid body to the non-NBD density. Inset,
close-up of the ARDs highlighting conserved turn
loop residues bridging the dodecamer interface. (D)
CONSURF analysis of the ARD of human Skd3 isoform
2. Residues are colored by CONSURF scores (60)
across 791 homologous Skd3 sequences. Mutated
turn loop residues are labeled in red. Consensus ARM
residues are shown above (black). (E) Aggregated
luciferase (U4L0.2 protocol) was presented to the in-
dicated Skd3 variants in the presence of 5 mM ATP
and ARS, and the generation of enzymatically active
luciferase was measured using chemiluminescence
(see Materials and Methods). Data are represented as
mean ± SD, with n = 3 technical replicates. (F) Mass
photometry measurements of the assembly state of
PARLSkd3_L1,L2GH in the presence of 2 mM ATP. The
WB mutation was introduced to facilitate hexamer
formation. Gaussian fits of the data (black lines) gave
the indicated populations in the monomer, hexamer,
and dodecamer states and are shown as mean ± SE.
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Table 1. Summary of the information on cryo-EM data collection and statistics.

Structure
Hexamer (high-res) Hexamer (closed) Hexamer (open) Dodecamer

EMDB accession/PDB PDB ID 7US2 EMD-26722 EMD-26726 EMD-26725 EMD-26728

Data collection

Hexamer (high-res) Hexamer (closed) Hexamer (open) Dodecamer

Microscope Titan Krios G3i

Detector Falcon 4

Voltage (keV) 300

Energy filter Selectris

Data collection software EPU 2.9

Pixel size (Å) 0.71 Å

Total dose 60 e−/ Å2

Frame dose 1 e−/frame

Defocus −1 to −2 mm

Energy filter slit 20 eV

Tilt (dataset 1A) 0° 0° 0° 0°

Tilt (dataset 1B) 29° 29° 29° 29°

Tilt (dataset 2) 0° – – 0°

EM reconstruction

Hexamer (high-res) Hexamer (closed) Hexamer (open) Dodecamer

No. of micrographs (dataset 1A) 10,723 10,723 10,723 10,723

No. of micrographs (dataset 1B) 2151 2151 2151 2151

No. of micrographs (dataset 2) 10,854 10,854

Final particle numbers 1,459,443 332,007 519,580 521,193

Resolution at FSC = 0.143 unmasked/masked 3.1/2.76 3.5/3.1 3.3/2.9 6.46/4.40

Map sharpening B factor (Å2) −142.0 (CryoSPARC) −127.6 (CryoSPARC) −132.7 (CryoSPARC) −171.9 (RELION)

Other map sharpening method DeepEMhancer (high-res model)* NA NA NA

Model

Composition (#)

Chains 7

Atoms 17,200 (hydrogens: 0)

Residues 2096

Water 0

Ligands MG: 6

AGS: 6

Bonds (RMSD)

Length (Å) (# > 4σ) 0.005 (0)

Angles (°) (# > 4σ) 0.694 (0)

MolProbity score 1.44

Clash score 3.05

Ramachandran plot (%)

Outliers 0.1

Allowed 4.91

continued on next page
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decreased thresholds. 3D variability analysis (3DVA) in Cryo-
SPARC was performed to test this hypothesis, which revealed
motions of the seam protomers in the first major variability com-
ponent (movie S1). 3D classification based on the models generated
from 3DVA allowed us to isolate subpopulations of particles in
which the NBD ring forms a more closed spiral, which was
refined to a resolution of 3.1 Å (Fig. 2E, left, and fig. S6), and a
more open spiral, refined to a resolution of 2.9 Å (Fig. 2E, right).
The latter is virtually identical to the high-resolution map above
(Fig. 2A) and will not be discussed further. In the closed conforma-
tion, the P1 and P5 protomers are at the lowest and uppermost po-
sitions in the spiral, respectively, and the P6 protomer is mobile and
at an intermediate position between P1 and P5 (Fig. 2E, left, and fig.
S6C). This closed spiral conformation of Skd3 is similar to that ob-
served by Cupo et al. (38) and frequently observed among substrate-
bound AAA+ ATPases (18). Comparison of the closed and open
spiral conformations of the Skd3 hexamer revealed ratchet-like
motions of the P6 protomer at the seam as it detaches from P1
and moves to the uppermost position in the spiral (Fig. 2E, fig.
S6, and movie S1); these movements are conserved among AAA+

ATPases and proposed to provide the force generation mechanism
that drives substrate translocation.

At lower thresholds, additional EM density corresponding to the
N-terminal domains of Skd3 was observed. For P1 to P5, EM
density was observed for the N-terminal ARDs and the interdomain
linker (residues 310 to 336), with the strongest density in the C-ter-
minal half of the linker closer to the NBD. This allowed an Alpha-
Fold-predicted model of the Skd3 ARD and the linker region

(minus residues 198 to 267, which comprise an insertion domain
in the ARD) to be docked as a rigid body into the cryo-EM
density (Fig. 2F), suggesting that the linker forms a relatively rigid
helix that positions the ARDs and may mediate interdomain com-
munication with the NBDs. Nevertheless, the resolution reduces
significantly midway through the interdomain helix, likely reflect-
ing flexibility in the hinge between this helix and the ARD or dis-
order in the N-terminal end of the linker. EM density for the ARD
of P6 is weaker and cannot be fit, suggesting higher flexibility of the
ARD and the interdomain linker for the protomer at the uppermost
position of the spiral (Fig. 2F and fig. S4B). In summary, high-res-
olution structures of both the closed and open spiral conformations
of the Skd3 hexamer reveal ratchet-like motions of the seam proto-
mers that are implicated in driving substrate translocation, visualize
the nucleotide state of an AAA+ ATPase in the open spiral confor-
mation, and suggest the molecular basis of disease-linked Skd3
mutations.

Dodecameric PARLSkd3 forms a fenestrated cage
During cryo-EM data analysis in CryoSPARC, we found that the 3D
classification and refinement algorithms were heavily biased toward
optimizing the alignment of the NBD but did not effectively recover
dodecamer particles or separate them from hexamers. In contrast,
classification of the 2D images in RELION allowed in silico purifi-
cation of the PARLSkd3 dodecamers, which was refined to an overall
resolution of 6.5 Å (Fig. 1E, figs. S2 and S7, and Table 1). The local
resolution varied from ~4 Å for the designated lower NBD ring, ~8
Å in the ARDs, to 8 to 12 Å in the upper NBD ring (fig. S7A). Strong

Model
Hexamer (high-res) Hexamer (closed) Hexamer (open) Dodecamer

Favored 95

Rotamer outliers (%) 0.56

Cβ ≤ outliers (%) 0

Peptide plane (%)

Cis proline/general 0.0/0.0

Twisted proline/general 0.0/0.0

CaBLAM outliers (%) 2.28

ADP (B factors)

Iso/aniso (#) 17,200/0

Min/max/mean

Protein 21.18/148.82/67.33

Nucleotide –
Ligand 21.51/106.17/57.92

Water –
Model versus data

CC (mask) 0.79

CC (box) 0.77

CC (peaks) 0.76

CC (volume) 0.8

Mean CC for ligands 0.78

*For model building of the high-res, the DeepEMhancer sharpened map was used, not the B factor sharpened map.
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density could be observed for the C terminus of the interdomain
helix connecting to the lower NBD ring (fig. S7A). Local resolution
drops significantly midway through the interdomain helices in the
lower hexamer, likely reflecting increased conformational flexibility
in the linker as was observed in the hexamer structure. The lower
local resolution of the upper hexamer further suggests that the do-
decamer interface is dynamic, which would lead to variations in the
relative orientation of the two hexamers and blurring of the upper
hexamer density if the refinement optimizes the alignment of the
lower NBD ring. To test this hypothesis, we carried out focused re-
finement of the upper and lower NBD rings. This resulted in im-
proved resolutions, with the lower NBD ring refined to 3.8 Å and
the upper NBD ring refined to 7.7 Å (Fig. 3A). The spiral confor-
mation can be discerned in both NBD rings.

The Skd3 dodecamer forms a fenestrated cylindrical cage, 130 Å
in diameter and 180 Å in height, and is comparable in size to the
GroEL tetradecamer and TRiC hexadecamer (fig. S7F). Unlike
GroEL, which consists of two heptameric rings stacked back-to-
back, the interior of the dodecamer forms a contiguous large
cavity sufficient to fit a globular protein/complex of ~70 kDa,
such as the model protein luciferase used in refolding studies
(Fig. 3B). In addition, unlike GroEL and TRiC, in which the internal
cavity is sealed from solvent upon lid closing, the cavity in Skd3 is
fenestrated and open to surrounding solvent, with gaps between the
neighboring ARDs and interdomain helices that allow diffusion of
solvent and small molecules while blocking the entry or exit of most
globular proteins.

Despite regions with low resolution, the reconstruction shows
that the PARLSkd3 dodecamer is composed of head-to-head
dimers of two opposing hexamers, with the ARDs mediating con-
tacts at the interface between the two hexamers (Fig. 3C). The
density for the ARDs is clearest in protomers P2 to P4, allowing
an AlphaFold-predicted model for the ARD and interdomain
helix region to be docked as a rigid body into these densities (Fig.
3C). The docking model suggests that the dodecamer interface is
mediated in part by “side-to-side” interactions of the ARDs from
the opposing hexamers via residues in the “turn loops” of the
ankyrin repeat motifs (ARMs), including 145NN in ARM1,
177NRN in ARM2, and 277DD in ARM3 (Fig. 3C, inset). These res-
idues are conserved or semi-conserved among Skd3 homologs (Fig.
3D and fig. S8A) but are distinct from the consensus sequence (GH)
at the turn loops of most ARDs (44).

To test the role of these contacts in Skd3 dodecamer formation,
we replaced the turn loop residues in ARM1 and ARM2 with the
consensus sequence (named mutants L1GH and L2GH) and the
turn loop Asp residues in ARM3 with GG (mutant L3GG). Using
the reactivation of aggregated luciferase as an initial screen for the
mutational effects on Skd3 activity, we found that mutation of the
individual turn loops had either no effect or a modest effect on
Skd3’s chaperone activity (Fig. 3E and fig. S8B). However, combin-
ing the L1GH and L2GH mutations resulted in a three- to fourfold
reduction in luciferase reactivation (Fig. 3E and fig. S8B, green). Al-
though the yield of luciferase refolding varied depending on how
the aggregate was generated, the mutational effects of turn loop res-
idues were the same regardless of the nature of the aggregates (Fig.
3E and fig. S8B). Mass photometry measurements of the double
mutant, Skd3_L1,L2GH, showed that its dodecamer formation
was impaired (Fig. 3F versus Fig. 1B). In the presence of ATP, the
ratio of dodecamer relative to hexamer was reduced from 0.91 ±

0.07 with Skd3_WB (Fig. 1B) to 0.41 ± 0.12 with
Skd3_L1,L2GH_WB (Fig. 3F). In addition, as shown later
(section “Dodecamer assembly–deficient Skd3 mutants uncouple
disaggregation from client refolding”), steric blocks at the N termi-
nus of PARLSkd3 impaired Skd3 dodecamer formation without af-
fecting the hexamer. Together, these results support the role of
the ARDs in mediating dodecamer formation and suggest that the
conserved Asn residues in the ARD turn loops mediate hydrogen
bonding interactions that form part of the dodecamer interaction
interface.

Client protein undergoes protected folding on PARLSkd3
PARLSkd3 is an efficient chaperone that can generate enzymatically
active luciferase from its aggregates in the absence of additional
chaperones that promote folding [Figs. 3 and 4 and (27)]. This ac-
tivity and the observation of the internal cavity in dodecameric
PARLSkd3 (Fig. 3B) led us to ask whether PARLSkd3 provides a pro-
tected environment for folding in addition to acting as a disaggre-
gase. We addressed this question by challenging the PARLSkd3-
mediated luciferase refolding reaction with GroEL-D87K, which ir-
reversibly binds unfolded polypeptides and early folding intermedi-
ates (45) and thus serves as a conformational probe for the folding
state of the client protein released from the chaperone. In the con-
tinuous extraction model established for ClpB/Hsp104, client pro-
teins such as luciferase are extracted from the aggregate by
continuous threading through the pore ring and are released in
an unfolded conformation, which can refold either spontaneously
or with the assistance of other chaperones (Fig. 4A, lower pathway)
(15, 16). If PARLSkd3 acts solely via this mechanism, GroEL-D87K
will be an effective inhibitor of luciferase refolding by sequestering
the unfolded client protein released from the disaggregase (Fig. 4A,
lower pathway), as was shown for ClpB (15, 16). In contrast, if lu-
ciferase reaches a committed stage of folding on PARLSkd3 before it
is released from the chaperone, the refolding reaction would be in-
sensitive to the presence of GroEL-D87K (Fig. 4A, upper pathway).

To distinguish between these models, we measured the kinetics
of reactivation of aggregated luciferase, which includes both the dis-
aggregation and refolding reactions. PARLSkd3 mediates efficient re-
activation of aggregated luciferase (Fig. 4A), as reported previously
(27). Up to 1 μM GroEL-D87K, added either simultaneously with
PARLSkd3 or after mixing PARLSkd3 with luciferase aggregates, af-
fected the yield of the reaction by only 10 to 20% (Fig. 4B and fig.
S9A). Regardless of how the luciferase aggregate was generated, all
the luciferase reactivation reactions mediated by PARLSkd3 were im-
pervious to GroEL-D87K (Fig. 4B and fig. S9A). These results
strongly suggest that unfolded luciferase molecules are strongly pro-
tected from external chaperones by PARLSkd3, and further, they
reach a conformation committed to folding before release from
this chaperone.

As controls, we tested the effectiveness of GroEL-D87K in reac-
tions that allow luciferase to fold from the denatured state, by dilu-
tion of GdmHCl-denatured luciferase into aqueous solution to
concentrations below 50 nM. Under these conditions, a fraction
of denatured luciferase underwent spontaneous folding, which
was abolished by 320 nM GroEL-D87K (Fig. 4C, black versus
blue), supporting GroEL-D87K as an effective trap for unfolded
proteins. Refolding of denatured luciferase was enhanced by
PARLSkd3 (Fig. 4C, red versus black); however, when denatured
luciferase was presented simultaneously to PARLSkd3 and
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Fig. 4. PARLSkd3 releases luciferase in a conformation committed to folding. (A) Alternative models for luciferase disaggregation and refoldingmediated by PARLSkd3
and the use of GroEL-D87K to distinguish between the models. (B) Refolding of aggregated luciferase (U4L0.2 protocol) by PARLSkd3 was measured as in Fig. 3E in the
presence and absence of the indicated concentrations of GroEL-D87K. (C) Luciferase denatured in 5 M GdmHCl was diluted to 50 nM in refolding buffer. Where indicated,
the reaction also contained 1 μM PARLSkd3 and/or 320 nM GroEL-D87K. Refolded luciferasewas detected by chemiluminescence. (D) Luciferase denatured in 5 M GdmHCl
was diluted to 50 nM in refolding buffer containing 1 μM Skd3; where indicated, 320 nM GroEL-D87K was added 5 min later, and refolding was measured by chemilu-
minescence. Spontaneous luciferase refolding with and without GroEL-D87K was measured in parallel and subtracted. (E) Aggregated luciferase (U8L0.5 protocol) was
mixedwith 1 μM PARLSkd3 in the presence of 5mMATP and ARS to initiate disaggregation and refolding. Fifteenminutes later, soluble proteins were chromatographed on
a Superdex 200 column, and 0.5 ml fractions was collected and analyzed. Enzymatically active luciferase in individual fractions was detected using chemiluminescence
(blue). Individual fractions were also probed with anti-His (for luciferase, green) and anti-ClpB (for Skd3, magenta) antibodies. See fig. S9 for raw data. Data are shown as
mean ± SEM in (B) to (D) or mean ± SD in (E), with n = 3 technical replicates. Error bars are plotted but may not be visible.
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GroEL-D87K, refolding was abolished (Fig. 4C, red versus navy),
indicating that GroEL-D87K outcompetes PARLSkd3 in binding un-
folded luciferase. In contrast, when denatured luciferase was pre-
loaded on PARLSkd3 followed by addition of GroEL-D87K, Skd3-
dependent luciferase refolding was strongly protected, especially
at early times (Fig. 4D). This observation is similar to the protection
of luciferase in the coupled disaggregation-refolding reaction (Fig.
4B), and together, they strongly suggest that folding of luciferase can
occur on PARLSkd3 in a highly protectedmanner. As additional con-
trols, Hsp104/40/70-mediated reactivation of aggregated luciferase
was sensitive to GroEL-D87K (fig. S9, B and C), analogous to obser-
vations with ClpB/DnaKJ (15, 16). Luciferase reactivation mediated
by the potentiated mutant Hsp104_A503S, which bypasses the
Hsp40/70 requirement (46), was also abolished by GroEL-D87K
(fig. S9D). Together, these results show that Skd3-mediated lucifer-
ase reactivation uses a mechanism distinct from the continuous
threading model established for ClpB/Hsp104, and strongly
suggest that luciferase molecules released from PARLSkd3 are in a
conformation committed to folding.

To provide independent evidence that luciferase folding can ini-
tiate when bound to PARLSkd3, we analyzed the protein complexes
generated during the refolding reaction. The coupled luciferase dis-
aggregation-refolding reaction was chilled at 4°C for 15 min after its
initiation. Large aggregates were removed by centrifugation, and
soluble protein/complexes of different sizes were separated by gel
filtration chromatography and analyzed immediately upon elution
(Fig. 4E). Significant luciferase activity was detected both in high
molecular weight fractions that correspond to Skd3 oligomers (frac-
tions 17 to 20 or 8.5- to 10-ml elution volume) and in lowmolecular
weight fractions that correspond to free luciferase monomer (frac-
tions 28 to 34 or 14- to 17-ml elution volume) (Fig. 4E, blue). In
contrast, luciferase activity was detected only in the late fractions
for reactions with PARLSkd3_WB or without chaperone at levels
200-fold below that of the reaction with PARLSkd3 (fig. S9, E and
F). The cofractionation of luciferase activity with Skd3 oligomers
strongly suggests that a fraction of luciferase acquires either the
native state or a folding-competent conformation when bound to
PARLSkd3. Western blot analysis showed that most luciferase
protein eluted in the high molecular weight fractions associated
with PARLSkd3 oligomers (Fig. 4, E and F, green, and fig. S9, G to
I), whereas most enzymatically active luciferase was detected in the
unbound fractions (Fig. 4, E and F, blue). This further suggests that
luciferase molecules that have been solubilized but not yet folded
remain stably bound to Skd3 oligomers and are more promptly re-
leased from Skd3 when they reach a folding-competent
conformation.

Together, the results of this section show that PARLSkd3 acts via a
mechanism distinct from the continuous extraction model that de-
scribes the ClpB/Hsp104 disaggregase systems. Instead, solubilized
client proteins remain stably bound to and protected by PARLSkd3
and can undergo folding before their release from PARLSkd3.

Dodecamer assembly–deficient Skd3 mutants uncouple
disaggregation from client refolding
We next asked whether formation of the Skd3 dodecamer is in-
volved in the protected folding of clients on Skd3 by examining
Skd3 mutants defective in dodecamer assembly. The reduced activ-
ity of Skd3_L1,L2GH in the coupled disaggregation-refolding reac-
tion suggested a role of the dodecamer in the chaperone activity of

Skd3 (Fig. 3). As the defect of this mutant is modest, we sought to
further disrupt dodecamer assembly by introducing N-terminal ex-
tensions to PARLSkd3 that could act as steric blocks. In support of
this notion, fusion of the SUMO moiety to PARLSkd3 abolished do-
decamer formation (fig. S10A). MPPSkd3, which retains a 30–amino
acid inhibitory sequence N-terminal to PARLSkd3 (Fig. 1A) and (27),
showed heterogeneous assembly in mass photometry measure-
ments (fig. S10B). However, MPPSkd3 displayed Skd3 concentra-
tion–dependent ATPase activation with rates within twofold of
that of PARLSkd3 [fig. S10C and (27)], consistent with its ability to
assemble ATPase-active hexamers. This suggests that the behavior
of MPPSkd3 in mass photometry was not due to its inability to form
hexamers but to poor biophysical properties. Physiologically,
MPPSkd3 needs to associatewith themitochondrial innermembrane
to gain access to the PARL protease and likely has a propensity to
bind to hydrophobic surfaces, which may complicate surface-based
mass photometry measurements. We therefore tested deletions of
various regions of the inhibitory sequence to improve its stability
in solution (MPPΔ1, MPPΔ2, and MPPΔ3; fig. S10D). All three
mutants displayed substantially reduced activity in the coupled lu-
ciferase disaggregation-refolding reaction, as did MPPSkd3 [Fig. 5A,
fig. S10E, and (27)]. MPPΔ1Skd3 was prone to aggregation during pu-
rification, and MPPΔ2Skd3 remained poorly behaved on mass pho-
tometry (fig. S10F); these mutants were therefore not pursued
further. In contrast, MPPΔ3Skd3, in which the C-terminal hydropho-
bic residues in the inhibitory sequence were removed, was well ex-
pressed and soluble. Mass photometry measurements showed that
this mutant assembled efficiently into hexamers but was strongly
impaired in dodecamer formation compared to PARLSkd3 (Fig. 5,
B and C).

We tested whether the reduced chaperone activities of
Skd3_L1,L2GH and MPPΔ3Skd3, which are specifically defective in
dodecamer assembly, were due to impaired disaggregase activity or
to less efficient client refolding. To this end, we measured and com-
pared the efficiencies by which wild-type and mutant Skd3 solubi-
lize luciferase aggregates. Preformed luciferase aggregates were
incubated with Skd3 and, at various times, the reaction was
quenched using apyrase, and soluble and aggregated proteins
were separated by centrifugation and visualized by Western blot
analysis. These measurements showed that both mutants solubi-
lized luciferase aggregates with efficiencies and kinetics comparable
to wild-type PARLSkd3 (Fig. 5, D and E), indicating that the defect of
these mutants in luciferase reactivation was not due to impaired dis-
aggregase activity but rather can be attributed to reduced refolding
efficiency.

If the Skd3 dodecamer mediates protected refolding of lucifer-
ase, a prediction is that the dodecamer assembly–deficient
mutants no longer protect the refolding reaction from GroEL-
D87K. This was indeed the case: Luciferase reactivation by
Skd3_L1,L2GH and MPPΔ3Skd3 decreased by over twofold in the
presence of 320 nM GroEL-D87K and was reduced to background
levels (1.5 and 1.4% refolded luciferase, respectively) in the presence
of 3 μM GroEL-D87K (Fig. 5, F to H). In contrast, the reaction with
wild-type PARLSkd3 was reduced only ~10% by 320 nM GroEL-
D87K and ~50% by 3 μM GroEL-D87K (Figs. 4 and 5G). We also
note that neither mutant completely abolished dodecamer forma-
tion (Figs. 3F and 5, B and C); therefore, the observations with
these mutants provide a lower limit for the sensitivity of the Skd3
hexamer–mediated luciferase refolding reaction to GroEL-D87K.
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Fig. 5. Dodecamer assembly–deficient mutants uncouple client refolding from disaggregation. (A) Refolding of aggregated luciferase mediated by the indicated
Skd3 variants, measured as in Fig. 3E. (B) Mass photometry measurement of MPPΔ3Skd3_WB in the presence of 2 mM ATP. Gaussian fits of the data (black lines) gave the
indicated population in the monomer, hexamer, and dodecamer states. (C) Summary of the dodecamer/hexamer population ratio for PARLSkd3 and the dodecamer
assembly–defective Skd3 mutants. (D and E) Disaggregation of luciferase by PARLSkd3, Skd3_L1,L2GH (D), and MPPΔ3Skd3 (E) was measured as described in Materials
and Methods. Top, representative Western blot analysis of the soluble and total luciferase; bottom, quantification of the data. cpSRP43, a plant-derived protein, was used
as a loading control. (F and G) Refolding of aggregated luciferase (U4L0.2 protocol) by Skd3_L1,L2GH (F) and MPPD3Skd3 (G) was measured as in Fig. 3D in the absence and
presence of the indicated concentrations of GroEL-D87K. (H) The effect of GroEL-D87K on luciferase refolding is compared between wild-type PARLSkd3 (red),
Skd3_L1,L2GH (green), and MPPΔ3Skd3 (dark green). The amount of refolded luciferase at 150 min for reactions containing GroEL-D87K was normalized to that
without the trap for each Skd3 variant. Data are shown as mean ± SEM in (A) and (F) to (H) or mean ± SD in (D) and (E), with n = 3 technical replicates. Error bars are
plotted but may not be visible.
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If client proteins fold within the PARLSkd3 dodecamer, another
prediction is that proteins whose size exceeds the dimension of the
dodecamer cavity cannot be efficiently refolded by this chaperone.
To test this model, we examined the refolding of β-galactosidase (β-
Gal), which has a monomeric molecular weight of 115 kDa and an
elongated structure in the folded monomer, making it incompatible
to fit in the internal cavity of the Skd3 dodecamer. PARLSkd3 reac-
tivated preaggregated β-Gal by only 4% above background levels
(fig. S11A). Since this reaction requires Skd3 to both solubilize
the aggregate and refold β-Gal, we further measured the refolding
of urea-denatured β-Gal, which minimizes contributions from the
aggregate solubilization step. Skd3 increased the refolding of urea-
denatured β-Gal by only 15 to 20% above that of the spontaneous
reaction (fig. S11B). These observations contrast with those with
Hsp104/40/70, which can efficiently refold aggregated β-Gal (47).
While the repertoire of client proteins that can be refolded by
Skd3 remains to be determined, these observations are consistent
with the dimension of the dodecamer cavity, which likely imposes
a size limit on the client proteins that can undergo protected refold-
ing on Skd3.

Collectively, the results in this section show that disaggregase ac-
tivity can be uncoupled from protected client refolding in dodeca-
mer assembly–deficient Skd3 mutants. Thus, the Skd3 hexamer is
sufficient for disaggregase activity, whereas efficient and protected
client refolding requires assembly of the Skd3 dodecamer.

The ARD can mediate substrate interactions
In the molecular model for the Skd3 dodecamer, multiple con-
served hydrophobic and aromatic residues on the concave face of
the Skd3 ARD and on an insertion domain between ARM2 and
ARM3 (residues 198 to 267 in isoform 1) together form a hydropho-
bic groove that lines the internal cavity (Fig. 6A). Mutation of hy-
drophobic residues that constitute this surface to Ala or Gly
impaired luciferase reactivation by PARLSkd3 (Fig. 6A). In addition,
three MGCA-linked mutations in Skd3 (Y272C, T268M, and
A269T) are located at this hydrophobic surface (Fig. 6A); these mu-
tations also severely disrupted PARLSkd3-mediated luciferase refold-
ing (Fig. 6B). These observations support an important role of this
hydrophobic groove in the chaperone function of Skd3.

These observations led us to ask whether the Skd3 ARD directly
participates in substrate interactions. To probe the interaction of
Skd3 with unfolded polypeptides, we used the model substrate
casein, which exists predominantly in a disordered state. Equilibri-
um titrations based on the anisotropy of fluorescein isothiocyanate
(FITC)–labeled casein showed that in the presence of ATPγS,
PARLSkd3 and PARLSkd3_WB bound FITC-labeled casein with
modest affinity, with equilibrium dissociation constants (Kd) of
3.4 and 3.6 μM, respectively (Fig. 6D). Unexpectedly, in the
absence of ATP or ATP analogs, where PARLSkd3 is predominantly
monomeric (fig. S1E), FITC-casein was bound with a Kd value of
0.86 μM (Fig. 6D). The smaller anisotropy change of FITC-casein
at saturating concentrations of apo- versus ATPγS-bound PARLSkd3
was consistent with a smaller number of FITC probes in casein that
are immobilized by binding of the PARLSkd3 monomer than oligo-
mer. In the presence of ATP and the ATP regeneration system
(ARS), which allows ATP binding and hydrolysis, the observed
binding affinity and anisotropy change was in between the ATPγS
and apo states (Fig. 6D). The isolated ARD also bound to FITC-
casein with a Kd value of 3.7 μM (Fig. 6D), within fivefold of that

of apo-Skd3. Thus, the ARD can directly participate in interaction
with an unfolded polypeptide.

To independently assess the participation of the ARD in sub-
strate interactions, we tested whether it can prevent the aggregation
of the amyloid β (Aβ42) peptide, a proteolytic fragment of the
amyloid precursor protein that is highly prone to aggregation. To
compare the activity of ARD with PARLSkd3 in the same oligomeric
state, we carried out the reactions without added ATP and ARS such
that PARLSkd3 would be predominantly monomeric. PARLSkd3 ef-
fectively reduced the extent and delayed the kinetics of amyloid for-
mation by Aβ42 under these conditions (Fig. 6E). Substantial
inhibition of Aβ42 was observed at 0.1 μM PARLSkd3, 1/50 of the con-
centration of Aβ42, suggesting high-affinity recognition (Fig. 6, E
and G). The ARD also delayed Aβ42 aggregation, albeit about five-
fold less efficiently compared to PARLSkd3 (Fig. 6, F and G). The
ability of PARLSkd3 and ARD to reduce Aβ42 fibril formation was
corroborated by transmission EM (TEM) analysis (Fig. 6H).
Mutants L1,L2GH andMPPΔ3 inhibited Aβ42 aggregation as effec-
tively as PARLSkd3 (Fig. 6H and fig. S12), indicating that these mu-
tations specifically disrupt the dodecamer interface (Fig. 5) but are
unlikely to impair interaction with hydrophobic regions of substrate
proteins. In contrast, mutant 246-249Awas less effective in inhibit-
ing Aβ42 aggregation (Fig. 6G and fig. S12), supporting its role as a
putative substrate contact site on the ARD (Fig. 6A). Thus,
PARLSkd3 can protect unstructured and hydrophobic polypeptides
from forming irreversible aggregates under ATP-depleted condi-
tions. Moreover, these results provide additional evidence that the
Skd3 ARD participates in client interactions that shield hydropho-
bic regions of a protein from aggregation.

DISCUSSION
Skd3 is an AAA+ chaperone that can efficiently reactivate aggregat-
ed model substrates andmay serve as the missing general chaperone
in the mitochondrial IMS, a crowded space with diverse and chal-
lenging proteostatic demands. However, the molecular mechanisms
that give rise to the remarkably effective chaperone activity of Skd3
remain elusive, and its precise roles in mitochondria remain to be
determined. In this work, the combination of structural and bio-
chemical analysis strongly suggests that Skd3 is a multifunctional
chaperone that not only acts as a disaggregase, as previously de-
scribed (27), but also can further provide a protected environment
for client folding via dodecamer assembly. Our results suggest a
model for how a molecular chaperone couples the disaggregation
of client proteins to their refolding, and thus provides an effective
repair mechanism for misfolded, aggregated proteins.

The Skd3 NBD is highly homologous to NBD2 of ClpB and
Hsp104. High-resolution cryo-EM structures of the PARLSkd3
hexamer here showed that the Skd3 NBD alternates between open
and closed spiral conformations (Fig. 2). The closed spiral confor-
mation, also reported by Cupo et al. (38), resembles the structures
observed for many protein-remodeling AAA+ ATPases (18–20, 48),
in which the pore loops of protomers P1 to P5 contact the bound
substrate in a spiral staircase arrangement, whereas the P6 “seam”
protomer is detached (Fig. 7, inset). The open spiral conformation
of PARLSkd3 is less often observed but is structurally similar to the
“extended” spiral observed for Hsp104-NBD2 bound to casein (19).
In this conformation, the P6 protomer adopts the uppermost posi-
tion in the spiral staircase and advances contact with the substrate
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Fig. 6. Skd3 ARD can participate in substrate interaction. (A) Side view of the ARD showing the surface that faces the internal cavity in the Skd3 dodecamer. Color
coding for CONSURF scores is the same as in Fig. 3. In the inset, conserved hydrophobic residues (CONSURF≥ 6) on the surface of the ARD (gray) and the insertion domain
(aqua) are highlighted. Residues tested by mutagenesis in (B) and (C) are color-indicated. (B and C) Refolding of aggregated luciferase mediated by the indicated Skd3
variants, measured as in Fig. 3E. (D) Equilibrium titrations tomeasure the binding of FITC-casein to PARLSkd3 and ARD in the indicated nucleotide states. Lines are fits of the
data to Eq. 2, and the obtained Kd values are summarized. (E and F) PARLSkd3 and ARD delay Aβ42 fibrillation under ATP-depleted conditions. Monomeric Aβ42 (5 μM) was
incubated with and without the indicated concentrations of PARLSkd3 (E) or ARD (F) under quiescent conditions without added ATP and ARS. Fibril formation was mon-
itored by ThT fluorescence every 5 min. The dark lines show the mean of three replicates, and the shaded area shows the range of data. The data were analyzed by the
AmyloFit algorithm, from which fibrillation reaction halftimes were extracted and summarized in (G). (G) Summary of the effect of PARLSkd3 variants on the kinetics of
Aβ42 fibrillation.“t1/2” denotes the half-time of Aβ42 fibrillation so that 1/t1/2 represents the apparent rate constant of the reaction. Data are shown as mean ± SEM, with n
= 3 technical replicates. See fig. S12 for raw data. (H) Aβ42 fibrillation reactions were carried out with and without 2 μM of indicated chaperone. Reactions were imaged
under TEM after 6 hours. Scale bar, 100 nm.
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polypeptide by two additional amino acids (Fig. 7, inset). The open
spiral conformation is likely favored by high ATP occupancy and
thus captured by the combination of WB mutation and slowly hy-
drolyzing ATPγS in this study. Collectively, these structures are con-
sistent with the conserved force-generation mechanism of protein-
threading AAA+ proteins, in which the seam protomer transitions
through the closed spiral conformation as it moves from the lowest
to the uppermost position of the open spiral during each ATPase
cycle. This movement allows the NBD ring to move “up” the sub-
strate polypeptide, generating a force that propels substrate translo-
cation (Fig. 7, inset). These structural observations, together with
the requirement of pore loop and ATPase active-site residues for
Skd3-mediated disaggregation (27), suggest that the Skd3
hexamer harbors most of the molecular features to act as a disaggre-
gase by threading substrate proteins through the pore ring (Fig. 7,
steps 1 and 2).

Nevertheless, multiple observations here demonstrate that disag-
gregation via continuous substrate threading, established for ClpB/
Hsp104, is insufficient to explain how PARLSkd3 efficiently reacti-
vates aggregated luciferase. The coupled disaggregation-refolding
reaction mediated by PARLSkd3 is strongly protected from GroEL-
D87K, which traps unfolded polypeptides and early folding inter-
mediates (Fig. 4), indicating that luciferase molecules released
from PARLSkd3 are in the native or near-native conformation.
This contrasts with the ClpB (15, 16) and Hsp104 (fig. S9, B to D)
systems, which are sensitive to the GroEL-D87K trap, and excludes
models in which the substrate protein is completely threaded
through the Skd3 pore ring. Instead, this observation suggests that
partial threading is sufficient to dislodge substrate proteins from the
aggregate, as has been observed in some cases with ClpB (49) and
Hsp104 (50). The resistance of the PARLSkd3-mediated refolding re-
action to GroEL-D87K also excludes models in which substrates are
folded via multiple cycles of binding and release by Skd3, which

would expose unfolded proteins susceptible to GroEL-D87K. Last,
gel filtration chromatography analysis of reaction intermediates
showed that solubilized substrates remain stably associated with
PARLSkd3 oligomers, and a fraction of substrates acquired the
native or near-native conformation when bound to PARLSkd3 (Fig.
4E). Collectively, these data support a model in which aggregate sol-
ubilization is tightly coupled to the initiation of client refolding in a
protected environment provided by PARLSkd3.

The results here further suggest that client refolding is facilitated
by Skd3 dodecamer assembly. Skd3 mutants that disrupt the do-
decamer interface retain disaggregase activity but specifically
impair the refolding of luciferase (Fig. 5). This and the higher sus-
ceptibility of these mutants to GroEL-D87K show that while the
hexamer is necessary and sufficient for disaggregation, protected
client refolding depends on formation of the Skd3 dodecamer. A
recent report also showed that Skd3 dodecamer assembly is corre-
lated with increased luciferase reactivation (38). Structurally, the in-
terior of the PARLSkd3 dodecamer provides a cavity sufficient to fit a
folded or partially folded protein of ~70 kDawhile also shielding the
protein from aggregation and other off-pathway interactions (Fig.
3). The stable association of Skd3 oligomer with solubilized lucifer-
ase, some of which attained a native or near-native conformation
(Fig. 4E), is most consistent with newly extracted substrate
protein being encapsulated in the internal cavity of the Skd3 do-
decamer. The fenestrated nature of the PARLSkd3 dodecamer struc-
ture allows the facile exchange of water, small molecules, and
cofactors, providing an environment in its internal cavity that is
conducive to folding. On the other hand, the Skd3 dodecamer pro-
vides no obvious mechanism to initiate substrate translocation, as
entry into the internal cavity through the pore ring would be in
the opposite direction of force generation by protein-threading
AAA+ ATPases. We therefore suggest that the role of the Skd3 do-
decamer occurs after substrate extraction by the hexamer, and

Fig. 7. Workingmodel for the coupled disaggregation and refolding reaction mediated by PARLSkd3. Step 1, an Skd3 hexamer recognizes aggregated proteins and
initiates substrate extraction. Step 2, an Skd3-bound substrate protein is dislodged from the aggregate. Step 3, Skd3 dodecamer assembles, and substrate protein initiates
folding in the internal cavity. Step 4, substrate protein, either folded or in a folding-competent conformation, is released from Skd3 upon dodecamer disassembly. The
inset shows the movement of the seam protomer (P6) from the lowest to the uppermost position as the NBD hexamer rearranges from the closed to the open spiral
conformation, which generates a mechanical force that “pulls” the substrate polypeptide in the downward direction (red arrow). The question marks denote that the
molecular mechanism underlying the transitions is still unclear.
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dodecamer assembly transitions Skd3 from the translocation/disag-
gregation phase to the refolding phase of its chaperone cycle (Fig. 7,
step 3).

How newly extracted substrates enter the internal cavity of the
dodecamer is unclear. The simplest model would involve a slippage
of the substrate during translocation, leading to its release from the
pore ring. Such a scenario could be favored by several factors: (i)
limited pulling force from a single Skd3 AAA+ ring, which may
be insufficient to propel the complete threading of a large substrate
such as luciferase; (ii) initiation of client folding, which would
impede continued threading [ClpB releases partially translocated
substrates upon encountering a folded domain in the substrate
(15, 49)]; and (iii) interaction of parts of the substrate protein
with a second Skd3 hexamer, which would oppose continued
threading. Regardless of the precise mechanism, release of partially
threaded substrates has been observed with ClpB and was proposed
to support substrate reactivation, by avoiding unnecessary unfold-
ing of parts of the protein and preventing additional unfolded poly-
peptide segments from interfering with refolding (15, 49).

Unique to Skd3 is the fusion of its AAA+ ATPase moiety to the
ARD, which remains the least understood component of this chap-
erone. Although the ARD is not structurally well resolved, our
results here suggest multiple roles for this domain. First, the ARD
mediates assembly of the Skd3 dodecamer. Second, the ARD could
directly participate in substrate interactions (Fig. 6). Docking of the
AlphaFold-predicted model in the dodecamer EM density further
suggests that in the interior of the cavity, conserved hydrophobic
and aromatic residues cluster on a concave surface in the helical
domain of the Skd3 ARD and are shielded by the insertion
domain (Fig. 6A). The deleterious effect of mutations at this
surface on luciferase refolding and Aβ aggregation suppression by
Skd3 (Fig. 6B and fig. S12) supports the role of this surface in chap-
erone-client interactions. It could be envisioned that the insertion
domain acts as a flap that closes upon the hydrophobic cluster, and
its opening would expose an extensive hydrophobic groove that
mediate interaction with hydrophobic residues on unfolded and
partially folded substrate proteins. These observations, together
with consideration of the direction of substrate threading by the
Skd3 hexamer, further place the ARDs as the initial sites of
contact with the protein aggregate (Fig. 7, step 1).

We suggest the following working model for the chaperone cycle
of PARLSkd3 (Fig. 7). Hexameric PARLSkd3 mediates the recognition
of protein aggregates via its ARD and initiates ATP-driven thread-
ing of the substrate polypeptide through its pore ring (step 1). For
client proteins such as luciferase, partial threading is sufficient to
dislodge Skd3-bound substrates from the aggregate, freeing the
ARDs to initiate dodecamer assembly (step 2). Solubilized but un-
folded client proteins are captured in the internal cavity of the do-
decamer, which provides an aqueous and confined environment in
which substrate proteins can sample the folding trajectory while
being protected from aggregation (step 3). It appears that client pro-
teins such as luciferase can attain either the native or near-native
conformation while associated with Skd3. As the dodecamer inter-
face is dynamic, its disassembly provides a mechanism to release the
substrate protein (step 4). Many aspects of this model remain to be
tested and understood, including the molecular determinants that
regulate Skd3 assembly, the degree of substrate threading required
for solubilization, whether and how the Skd3 dodecamer senses and

regulates client conformation, and whether additional functions are
associated with the higher-order assembly state of Skd3.

The mitochondrial IMS is a crowded and complex environment
with diverse and challenging proteostatic demands. Besides a small
number of specialized chaperones, no additional general chaper-
ones besides Skd3 have been identified in this space. The multiple
chaperone activities of Skd3 may be particularly suited to the
diverse proteostatic needs in this environment. On the other
hand, the dimension of the Skd3 dodecamer cavity imposes a size
limit on IMS proteins that can be refolded by this chaperone. It
remains to be understood which one of its chaperone activities de-
scribed here plays the dominant role in vivo, and how Skd3 coop-
erates with the other chaperones and proteases to maintain proper
protein folding and quality control in this space.

MATERIALS AND METHODS
Plasmids
Codon-optimized DNA fragments encoding PARLSkd3 and
MPPSkd3 (Twist Biosciences) were cloned into the pET28-His6-
SUMO plasmid behind the SUMO moiety using Gibson assembly.
To increase the efficiency of SUMO protease cleavage, a GGS linker
sequence was introduced at the N terminus of MPPSkd3 coding se-
quence. Site-directed mutagenesis of PARLSkd3 and MPPSkd3 was
carried out using the QuikChange mutagenesis protocol
(Agilent). To express PARLSkd3_ARD, a stop codon was introduced
after R327 using the QuikChange mutagenesis protocol.

The coding sequence for Photinus pyralis luciferase was cloned
between the Nco I and Xho I sites in pET28 to generate pET28-Lu-
ciferase-His6. pHis6-SUMO-Ssa1 and pUlp1-His6 for expression of
Ssa1 and Ulp1 (SUMO protease), respectively, were gifts from E.
Deuerling. Expression plasmids for Ydj1 and Sis1 were described
in (51). pTrc-GroEL-D87K was a gift from E. Chapman.
pPROEX-Htb-Hsp104 (#1230), pSG25-β-Gal (#63867), and pET-
Sac-Abeta(M1-42) (#71875) were from Addgene.

Protein purification
BL21-DE3 cells harboring pET28-His6-luciferase were grown to
mid-log phase, and expression of luciferase was induced at 20°C
for 18 hours with 0.5 mM isopropyl-β-D-thiogalactopyranoside
(IPTG). Harvested cells were resuspended in luciferase buffer [10
mM Na2HPO4 (pH 7.4), 10 mM NaH2PO4, and 500 mM NaCl]
containing lysozyme (0.5 mg/ml) and 20 mM imidazole, incubated
on ice for 30 min, and lysed using sonication. Clarified lysate was
loaded on Ni-HP Sepharose (GE), washed with 20 column volume
(CV) luciferase buffer containing 20mM imidazole, and eluted with
luciferase buffer containing 500 mM imidazole. Eluted fractions
were dialyzed in anion exchange buffer [50 mM NaCl, 2 mM
EDTA, 1 mM dithiothreitol (DTT), and 50 mM Tris-HCl buffer
(pH 7.8)] and further purified using MonoQ 10/100 GL (GE
Healthcare).

His6-SUMO-PARLSkd3, His6-SUMO-MPPSkd3, and their vari-
ants were expressed in BL21-CodonPlus-RIL cells (Agilent) grown
toOD600 (optical density at 600 nm) of 0.6 to 0.8. Protein expression
was induced at 16°C with 0.5 mM IPTG overnight. Cells from 1 liter
of culture were resuspended in 15 ml of lysis buffer [40 mM K-
Hepes (pH 7.5), 500 mM KCl, 20% glycerol, 5 mM ATP, 10 mM
MgCl2, 2 mM beta-mercaptoethanol (BME), 5 μM pepstatin A,
and 1× protease inhibitor cocktail] supplemented with lysozyme
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(1.5 mg/ml), incubated for 30 min at 4°C, and sonicated. Three mil-
liliters of Ni-HP Sepharose (GE) preequilibrated in Ni-wash buffer
[40 mM K-Hepes (pH 7.5), 500 mM KCl, 20% glycerol, 5 mM ATP,
10 mM MgCl2, 2 mM BME, 2.5 μM pepstatin A, 0.2× protease in-
hibitor cocktail, and 50 mM imidazole] was mixed with clarified
lysate and incubated for 1 hour and washed six times with 8 ml of
Ni-wash buffer, three times with 3 ml of Ni-wash buffer supple-
mented with 20 mM ATP, and six more times with Ni-wash
buffer. Fusion proteins were eluted using 12 ml of Ni-elution
buffer [50 mM tris (pH 8.0), 500 mM KCl, 10% glycerol, 5 mM
ATP, 10 mM MgCl2, 2 mM BME, and 500 mM imidazole] and in-
cubated with 1:100 molar ratio of purified Ulp1 for 2 hours. The
mixture was concentrated in Amicon centrifugal filters (Millipore;
molecular weight cutoff, 50 kDa) to ≤5 ml and purified over a
Superdex 200 column (GE) in SK500 buffer [50 mM tris-HCl
(pH 8.0), 500 mM KCl, 10% glycerol, 1 mM ATP, 10 mM MgCl2,
and 1 mMDTT]. Peak fractions were concentrated to 50 to 100 μM,
supplemented with ATP to 5 mM, glycerol to 20%, and stored
at −80°C.

Aβ42 was expressed and purified as described in (52). Ssa1, Ydj1,
Sis1, Hsp104, and GroEL-D87K were purified as described (51, 53,
54). β-Gal was purified following the same protocol as that for
GroEL-D87K.

Mass photometry
One hundredmicroliters of PARLSkd3 was centrifuged at 18,000g, 30
min at 4°C, exchanged to K100 buffer [50 mM tris-HCl (pH 8.0),
100 mM KCl, 10 mMMgCl2, and 1 mM DTT] containing 5 mM of
the desired nucleotide over a PD SpinTrap G25 column (Cytiva),
and diluted with the same buffer to submicromolar concentrations
during measurements. Measurements were carried out on a Refeyen
OneMP mass photometer (Refeyn Ltd.) with a 60-s acquisition time.
Movies were analyzed using DiscoverMP (Refeyn Ltd.), and the
contrast-to-mass conversion was achieved by calibration using the
molecular weight standards bovine serum albumin (66 and 132
kDa), Sgt2 (80 kDa), thyroglobulin (330 kDa), and apoferritin
(440 kDa). The events recorded from two to three independent
measurements were pooled and fitted to Gaussian distributions to
extract the mean molecular mass and relative amount of each peak.

Biochemical assays
Coupled luciferase disaggregation and refolding
Luciferase aggregates were prepared using two protocols. First, 50
μM purified luciferase was denatured in freshly prepared 8 M
urea in refolding buffer [25 mM K-Hepes (pH 8.0), 150 mM
KOAc, 10 mM Mg(OAc)2, and 10 mM DTT] for 30 min at 30°C.
Denatured luciferase was diluted 100-fold in refolding buffer and
allowed to aggregate by incubation at room temperature for 5 min
(U8L0.5). Second, 20 μM purified luciferase was denatured in 4 M
urea in refolding buffer for 30 min at 30°C, diluted 100-fold in re-
folding buffer, and incubated at 30°C for 5 min before the addition
of chaperones (U4L0.2).

Skd3 samples were centrifuged at 18,000g for 30 min at 4°C
before all experiments. Coupled disaggregation-refolding reactions
were initiated by mixing 50 nM U8L0.5 luciferase aggregates or 200
nM U4L0.2 luciferase aggregates with a solution containing 1 μM
Skd3 or Hsp104/40/70 in refolding buffer supplemented with 5
mM ATP and ARS (consisting of 1 mM creatine phosphate and
0.25 μM creatine kinase). Reactions were incubated at 30°C. At

indicated times, an aliquot was removed and diluted 20-fold in lu-
ciferase assay reagent (Promega), and chemiluminescence was mea-
sured in SpectraMax iD5 (Molecular Devices) using an integration
time of 1 s. The percentage of refolded luciferase was calculated
using a control reaction containing 50 nM native luciferase in re-
folding buffer, 5 mM ATP, and ARS. For reactions including the
GroEL trap, purified GroEL-D87K was added either during or 5
min after initiation of the refolding reaction.

To measure the refolding of denatured luciferase (spontaneous
or Skd3-assisted), 10 μM purified luciferase was denatured with 5M
GdmHCl for 1 hour at 25°C and diluted 100-fold into refolding
buffer at 25°C containing 5 mM ATP and ARS, with or without
PARLSkd3 and GroEL-D87K. Chemiluminescence was measured at
specified times, as described above.
Gel filtration chromatography
To evaluate the association of Skd3 with luciferase during the re-
folding reaction, reactions were carried out using U8L0.5 luciferase
aggregates and were centrifuged (14,000 rpm, 10 min, 4°C) for 15
min after the initiation of the reaction. The supernatant was frac-
tionated on Superdex 200 preequilibrated in refolding buffer con-
taining 5 mM ATP. Fractions (0.5 ml) were collected and, after
the void volume, immediately measured for luciferase activity.
The individual fractions were further subjected to Western blot
analysis using anti-His (luciferase) and anti-clpB (15743-1-AP, Pro-
teintech) antibodies.
Luciferase disaggregation
Coupled disaggregation-refolding reaction was initiated as de-
scribed above using U8L0.5 luciferase aggregates. At specified
times, aliquots of the reaction were removed, mixed with apyrase
(2 U/ml), and flash-frozen. Quenched reaction aliquots were centri-
fuged at 18,000g for 10 min at 4°C. Luciferase in the soluble and
total samples was detected byWestern blot using anti-His antibody.
His6-tagged cpSRP43 (10 nM), a 38-kDa plant chaperone, was
mixed with the reaction after apyrase addition and used as a
loading control.
ATPase assays
Assays were carried out at 25°C in refolding buffer. Skd3 samples
were centrifuged at 18,000g for 30 min at 4°C before the measure-
ments. Reactions were initiated by mixing indicated concentrations
of Skd3 in refolding buffer containing 500 μMATPwith trace γ-32P-
ATP. Aliquots of the reaction were quenched in 0.75 M potassium
phosphate (pH 3.3). γ-32P-ATP and 32Pi were separated by thin-
layer chromatography and quantified by autoradiography. Observed
ATPase rate constants (V/[E]) were plotted as a function of Skd3
concentration and fit to Eq. 1

V
½E�
¼

kmax½Skd3�n

½Skd3�n þ KM
n ð1Þ

in which kmax is the ATPase rate constant at saturating Skd3 concen-
trations, KM is the effective concentration for the formation of the
ATPase-active complex, and n is the Hill coefficient.
Aβ42 fibrillation
Freshly purified monomeric Aβ42 (5 μM) was diluted in assay
buffer [20 mM NaPI (pH 8.0) and 200 μM EDTA] with or
without Skd3 and its variants at specified concentrations. All
samples were prepared in low-binding Eppendorf tubes (Axygen)
on ice by careful pipetting to avoid air bubbles. Each sample was
then pipetted into multiple wells (100 μl per well) of a 96-well
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half-area plate of black polystyrene with a clear bottom and polyeth-
ylene glycol (PEG) coating (Corning 3881). Plates were sealed with
microseal (Bio-Rad, MSB1001) and incubated at 37°C under quies-
cent conditions in a plate reader (SpectraMax iD5). Amyloid forma-
tion was measured on the basis of the fluorescence of 6 μM
thioflavin T at 482 nm. Data were fit using the AmyloFit software
(55) to extract the halftimes of aggregation. For TEM imaging, a
sample was collected when the aggregation reached the plateau
value, diluted fivefold, and imaged by TEM. Five microliters of
the reaction mixture was loaded on glow-discharged carbon-
coated Cu grids (300 mesh, Ted Pella Inc.) for 1 min. Grids were
washed twice in doubly deionized water and stained with 2%
uranyl acetate for 1 min. Images from different areas of the grid
were acquired using a 120-kV electron microscope (FEI Tecnai
T12), and representative images are shown.
FITC-casein binding
Lyophilized FITC-casein (Sigma-Aldrich) was resuspended in water
at 20 mg/ml and frozen at −80°C until use. Skd3 variants were ex-
changed into K100 buffer using G-25 columns (Cytiva). Buffers
were supplemented with either no nucleotide, 1 mM ATPγS, or 5
mM ATP plus ARS. All measurements were carried out in the cor-
responding buffer at 25°C. Binding of casein to Skd3 was measured
by changes in fluorescence anisotropy on FluoroLog 3-22 (Yobin
Yvon), using 200 nM FITC-casein and serial additions of Skd3 to
the indicated concentrations. The samples were excited at 482
nm, and the fluorescence anisotropy was recorded at 520 nm. To
obtain the equilibrium dissociation constant between casein and
Skd3, the data were fit to Eq. 2

Aobs ¼

A0þΔA

�

½casein�þ ½Skd3�þKd �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f½casein�þ ½Skd3�þKdg
2 � f4 � ½casein�½Skd3�g

q �

2 � ½casein�

ð2Þ

in which Aobs is the observed anisotropy value, A0 is the anisotropy
value of FITC-casein alone, ΔA is the change in anisotropy at satu-
rating Skd3 concentrations relative to A0, and Kd is the equilibrium
dissociation constant for the interaction between FITC-casein
and Skd3.

Cryo-EM
Data acquisition
For negative staining, 2.5 μl of the purified Skd3 (0.1 mg/ml) was
applied to glow-discharged EM grids covered by a thin layer of con-
tinuous carbon film (TED Pella Inc.) and stained with 0.75% (w/v)
uranyl formate solution. EM grids were imaged on a Tecnai T12 mi-
croscope (Thermo Fisher Scientific) operated at 120 kV with Gatan
Rio Camera. Images were recorded at a magnification of ×52,000,
resulting in a 2.2-Å pixel size on the specimen. Defocus was set to
−1.5 to −2 μm.

For cryo-EM, 5 to 6 μl of purified PARLSkd3_WB (1.06 mg/ml)
were applied to glow-discharged holy carbon grids (Quantifoil 300
mesh Au R1.2/1.3). Four microliters of PARLSkd3_WB (0.25 mg/ml)
was applied onto holy carbon grids (Quantifoil 300 mesh Au R1.2/
1.3) coated with PEG-amino–functionalized graphene oxide. The
grids were blotted by Whatman no. 1 filter paper and plunge-
frozen in liquid ethane usingMark IV Vitrobot (Thermo Fisher Sci-
entific) with blotting times of 3 to 6 s at room temperature and over
90% humidity.

Cryo-EM datasets were collected at Stanford-SLAC Cryo-EM
Center using EPU2.9 in Titan Krios G3i equipped with energy
filter Selectris and Falcon4. From Quantifoil grids, 10,723 micro-
graphs of no tilt data and 2151 micrographs of the tilt data were
pooled to form dataset 1. From the PEG-amino grids (56), 10,854
micrographs were collected without tilt in dataset 2.
Cryo-EM data analysis
Micrograph CTF correction, particle picking and extraction, and
three rounds of 2D classification were performed in CryoSPARC,
resulting in 1.04 million particles from dataset 1 and 740,000 parti-
cles from dataset 2. For particles from each dataset, multiple rounds
of ab initio reconstruction followed by heterogeneous refinement
were performed in CryoSPARC. A total of 1.46 million remaining
particles from both datasets were pooled and used for nonuniform
(NU) refinement (fig. S2). The resolution of the high-resolution
hexamer map was estimated using the gold standard Fourier shell
correlation (FSC) = 0.143 criterion (57) and was 3.1 and 2.76 Å, re-
spectively, for the unmasked and corrected tight masked FSC curves
from CryoSPARC (fig. S3C and Table 1).

The unmasked half maps from the NU refinement were used for
postprocessing by DeepEMhancer (58) using the highRes deep
learning model and default training data provided by the DeepEM-
hancer authors. No further map sharpening was applied. The Deep-
EMhancer-generated map was used for model building in Coot
and Phenix.

3DVAwas carried out in CryoSPARC on downsampled particles
from dataset 1 using five components. The first eigenvector showed
large variability at the P1/P6 seam. Particles along this coordinate
were displayed in 20 bins, and models generated from NU refine-
ment of particles in the first three and last three bins were used as
reference maps for heterogeneous refinement of all the purified par-
ticles from dataset 1. The particles in the extended and closed con-
formation generated in this procedure were used for NU refinement
in CryoSPARC (fig. S2). The resolutions of both maps were estimat-
ed using the FSC = 0.143 criterion (57). Resolutions for the un-
masked FSC curves from CryoSPARC were 3.5 and 3.3 Å,
respectively, for the closed and open conformations; resolutions
for corrected tight masked FSC curves from CryoSPARC were 3.1
and 2.9 Å, respectively, for the closed and open conformations (fig.
S6, A and B, and Table 1).

Weak EM density was observed above the hexamer in the EM
map generated by CryoSPARC, and 3D classification of a subset
of these particles indicated that <20% are dodecamers. To better
isolate dodecamer particles, the 1.78 million particles after 2D clas-
sification in CryoSPARC were imported into RELION (fig. S2). 3D
classification with five classes was carried out to separate dodecamer
and hexamer particles. A total of 521,000 dodecamer particles were
selected for 3D refinement in RELION to generate the final dodeca-
mermap (fig. S2). The resolution of the dodecamer was estimated to
be 6.5 Å using unmasked FSC curves in RELION with FSC = 0.143
(fig. S7C). Masks were then generated for the lower or upper NBD
and used for particle subtraction followed by 3D refinement (fig.
S2). The resolutions of the maps from focused 3D refinement
were 3.8 and 7.7 Å for the lower and upper NBD ring, respectively,
as estimated using unmasked FSC curves with FSC = 0.143
in RELION.

Directional FSC curves for the hexamer and dodecamer maps
were calculated using unmasked half maps as described in (59).
Local resolution for each map was calculated in CryoSPARC and
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visualized in Chimera. Star and bild files from CryoSPARC particles
were generated using UCSF pyem. Map-model FSC was calculated
in Phenix with the DeepEMhancer-processed hexamer map using
an FSC threshold of 0.5.
Model building
An initial model of Skd3 was obtained using AlphaFold (41), and
the NBD (residues 318 to 696) was docked into the P4 protomer
of the high-resolution sharpened map of the hexamer using “dock
and rebuild” in Phenix(43). Initial model building of the P4 proto-
mer was built using Coot (42) and real space–refined with Phenix.
This protomer was duplicated to fit the density of the remaining five
protomers by rigid-body fitting, resulting in a hexameric model for
the NBD ring that excludes two solvent-exposed loops (524 to 536
and 655 to 675). Iterative cycles of manual adjustments to this
model were performed in Coot, followed by real-space refinements
in Phenix. ATPγS was modeled into each protomer, including P1,
which only had partial occupancy for the nucleotide. Chains A
through F correspond to protomers P1 to P6, and chain P corre-
sponds to the peptide substrate, which was modeled as a 14-
residue poly-alanine chain.

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
Legend for movie S1

Other Supplementary Material for this
manuscript includes the following:
Movie S1

View/request a protocol for this paper from Bio-protocol.
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