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Tyr pore-loop contacts along substrate

H

sp100 disaggregases are highly conserved
stress responders that unfold and solubilize
protein aggregates (1, 2). They hexameric
ring complexes, which couple adenosine
triphosphate (ATP) hydrolysis to polypeptide
translocation through a central channel (1, 2).
Saccharomyces cerevisiae Hsp104 is powered by
two distinct AAA+ (ATPases associated with diverse cellular activities) domains per protomer and
collaborates with the Hsp70 system to disaggregate
and refold amorphous aggregates and amyloids
such as Sup35 prions, thereby promoting stress
tolerance and prion propagation (2).
Cooperative ATP hydrolysis by nucleotidebinding domains (NBD1 and NBD2) of Hsp104 requires conserved Walker A and B motifs, “sensor”
residues, and an Arg finger from the adjacent
protomer (2, 3). The coiled-coil middle domain
(MD) of Hsp104 mediates Hsp70 interactions and
allosteric functions during hydrolysis and disaggregation (4–6). Conserved substrate-binding
“pore loops” in the NBDs line the axial channel and
contain essential Tyr residues that mechanically

couple hydrolysis to translocation (7, 8). A recently
described structure of Hsp104 bound to the nonhydrolyzable ATP analog adenylyl-imidodiphosphate
(AMP-PNP) identifies an “open,” spiral conformation with a ~30-Å-wide channel and an unusual
heteromeric NBD1-NBD2 interaction that forms
a flexible seam (9). High-resolution structures of
the active hexamer have remained elusive, and it
is unknown how hydrolysis and conformational
changes power disaggregation.
Here we establish how Hsp104 binds and
mechanically translocates substrates. Using the
slowly hydrolyzable ATP analog adenosine 5′-O(3-thiotriphosphate) (ATP-g-S) (10) and the substrate casein, we determined Hsp104 structures
to ~4.0 Å by cryo–electron microscopy (cryo-EM).
We identify pore loop–substrate contacts and a
rotary translocation mechanism involving a ratchetlike change that advances interactions along the
substrate polypeptide by two amino acids. NBD1ATP hydrolysis and substrate binding trigger a
massive open-to-closed conformational change in
the hexamer, thereby coupling substrate engagement and release to processive disaggregation.
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Substrate-bound architecture of Hsp104
To capture the substrate-bound state of Hsp104,
binding was assessed with fluorescence polarization by using fluorescein isothiocyanate (FITC)–
labeled casein, a model substrate that is actively translocated (4, 8). High-affinity interactions
(Kd ~ 20 nM) between Hsp104 and casein were
identified in the presence of ATP-g-S, but not ATP,
AMP-PNP, or adenosine diphosphate (ADP) (Fig. 1A
and fig. S1). Two-dimensional (2D) referencefree classification of purified Hsp104:casein–
ATP-g-S complexes revealed that the hexamer

In the closed state, pore-loop strands from both
AAA+ domains become ordered compared to
Hsp104–AMP-PNP (9) and other structures (11, 12)
and contact substrate in a right-handed spiral
arrangement (Fig. 2A and fig. S4). These regions
are among the most highly resolved (<4.0 Å, fig.
S3C), indicating bona fide interactions critical for
translocation. The casein sequence could not be
determined from the density; therefore, a strand
of 26 Ala residues was modeled. Hsp104 translocates unfolded polypeptides in the presence of
ATP-g-S (8); therefore, the pore loop–substrate
interactions likely adopt a fixed register during
translocation. Alternatively, a specific region of
casein may be uniformly trapped in the channel.
Substrate contacts are made by five protomers
(P1 to P5), whereas protomer P6 breaks the helical arrangement and makes no direct contact (Fig.
2A and fig. S4). Substrate density is not observed
outside the channel, and thus, nontranslocated
portions of casein are likely disordered.
Conserved pore-loop tyrosines 257 and 662
in protomers P1 to P5 directly contact substrate,
potentially via the aromatic rings, which are
positioned ~4 to 5 Å away from the backbone
(Fig. 2B). Together with conserved V663 in NBD2
(V, valine), these residues contribute most of the
substrate interactions in the channel (fig. S4).
Additional loops (residues 291 to 297 for NBD1 and
residues 645 to 651 for NBD2) are also ordered
and adjacent to the substrate, and K649 and Y650
for P2 and P4 appear to make contact (K, lysine;
Y, tyrosine) (Fig. 2, A and B).
The pore loops are separated by ~6 to 7 Å along
the channel, making contact with approximately
every second amino acid of the substrate (Fig. 2C).
K256 and K258 in NBD1, which flank Y257,
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Hsp100 polypeptide translocases are conserved members of the AAA+ family (adenosine
triphosphatases associated with diverse cellular activities) that maintain proteostasis by
unfolding aberrant and toxic proteins for refolding or proteolytic degradation. The Hsp104
disaggregase from Saccharomyces cerevisiae solubilizes stress-induced amorphous
aggregates and amyloids. The structural basis for substrate recognition and translocation
is unknown. Using a model substrate (casein), we report cryo–electron microscopy
structures at near-atomic resolution of Hsp104 in different translocation states. Substrate
interactions are mediated by conserved, pore-loop tyrosines that contact an 80-angstrom-long
unfolded polypeptide along the axial channel. Two protomers undergo a ratchet-like
conformational change that advances pore loop–substrate interactions by two amino acids.
These changes are coupled to activation of specific nucleotide hydrolysis sites and, when
transmitted around the hexamer, reveal a processive rotary translocation mechanism and
substrate-responsive flexibility during Hsp104-catalyzed disaggregation.

undergoes a large rearrangement compared to
the AMP-PNP–bound open state (9) (Fig. 1B and
fig. S2A). An initial 3D structure refined to ~3.9 Å
resolution (fig. S2B and table S1). However, a
two-protomer site was identified to be flexible
(fig. S2C). Extensive 3D classification resolved
these protomers and revealed two hexamer conformations: “closed” and “extended” (fig. S2D).
Refinement of the closed state yielded a 4.0-Åresolution map with well-resolved protomers and
axial channel (figs. S2B and S3, A to C). The AAA+
subdomains show side-chain features, enabling
an atomic model to be built and refined by using
a homology model from the bacterial ortholog
ClpB (11) (Fig. 1C and fig. S3, D and E). The AAA+
domains (protomers designated P1 to P6) form
a near-symmetric closed double ring (Fig. 1D).
Protomers P2 to P5 are identical [root mean
square deviation (RMSD) = 2 Å], whereas the two
mobile protomers, P1 and P6, each adopt different
conformations (Fig. 1E and fig. S3F). The outside
hexamer diameter is ~115 Å (compared to 125 Å
for the open state), and density for the AAA+
domains surround a ~10-Å-wide axial channel.
Notably, the channel is partially occluded by a
continuous, 80 Å strand of density that, on the
basis of the molecular model, is an unfolded portion of the substrate, casein (Fig. 1F).
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project toward neighboring loops, possibly stabilizing the spiral arrangement. Protomers P1 and
P5 comprise the lowest and highest contact sites
with the substrate and are separated by ~26 Å
along the channel axis. Protomer P6 is between
these sites but disconnected from the substrate;
its NBD1 pore loop is 13 Å away, whereas its NBD2
pore loop was less resolved and unable to be
modeled (Fig. 2C). Overall, this structure reveals
that substrate interactions are mediated almost
entirely by the conserved Tyr residues, establishing their direct role in coordinating substrate during translocation (1, 2).
Ratchet-like states of protomers
In addition to the closed state, our 3D-classification
analysis identified an extended conformation of
Hsp104:casein (fig. S2D). Further classification and
refinement resulted in a 4.1 Å resolution map from
which an atomic model was determined (Fig. 3A
and figs. S2B and S5, A and B). The structure reveals a substrate-bound hexamer with a different
arrangement of the mobile protomers P1 and P6,
which show distinct flexibility in the NBD1 and
NBD2, respectively (Fig. 3A and fig. S5, C and D).
Protomers P2 to P5 are identical to the closed
state (RMSD = ~0.8 Å), and density for the polypeptide substrate is slightly extended at the top
of the channel but is overall similar and localizes
to the same region (fig. S5E).
The closed- and extended-state conformational
differences for P1 and P6 are substantial (RMSD =
13.7 and 11.5 Å, respectively) and involve rotations
Gates et al., Science 357, 273–279 (2017)
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open state (9) (scale bar equals 50 Å). (C) Atomic model and segmented map
of the AAA+ small (NBD1, green) and large (NBD2, brown) subdomains.
(D) Final reconstruction of Hsp104:casein segmented by protomers (P1 to P6)
and substrate (yellow). (E) Side view of the mobile protomer face (P1 and P6).
(F) Channel view showing substrate polypeptide density (yellow).

of P1-NBD1 and P6-NBD2 (Fig. 3B and fig. S6A).
P6 rotates toward the channel axis, and the pore
loops become well ordered and directly contact
substrate. The P6 pore-loop tyrosines, Y257 and
Y662, directly contact substrate similarly as the
other protomers (Fig. 3C). Conversely, P1-NBD2
rotates counterclockwise, releasing its interaction
with P6 to contact P2-NBD2 but maintaining contact with the substrate (Fig. 3B).
Notably, P6-Y257 becomes positioned at the topmost contact site along the polypeptide, advancing
interactions by two amino acids (~7 Å) compared
with P5-Y257 (Fig. 3D and fig. S6B). These changes
bring P6 pore loops in register to form a two-turn
right-handed spiral of contacts. Each pore loop
rotates ~60° and rises ~6 to 7 Å, enabling evenly
spaced Tyr-substrate interactions across a 74 Å
length of the channel. Together, the extended and
closed states reveal a ratchet-like conformational
change of the hexamer that yields a two–amino
acid translocation step (movie S1). Although other
conformations may exist that were not resolved,
the extended and closed states predominate the
data set (fig. S2D); therefore, these changes are
likely critical for orchestrating substrate-binding
and -release steps during translocation.
Coordinated nucleotide pockets
NBD1 and NBD2 nucleotide pockets were examined to determine how nucleotide state is coupled
to substrate interactions. P3 to P5 nucleotide
pockets are identical, with well-resolved density
and a bound ATP-g-S (fig. S7A). In NBD1, R334

(R, arginine) from the clockwise neighboring protomer contacts the g-phosphate, establishing this
residue as the Arg finger (13). R333 is adjacent to
the a- and b-phosphates, acting potentially as a
sensor residue considering that the NBD1 does
not contain a cis sensor 2 motif (3). In the NBD2
pocket, the Arg finger, R765, interacts with the
g-phosphate, whereas the sensor 2, R826 in the cis
protomer, is positioned adjacent to the a- and
b-phosphates (fig. S4A). Thus, for P3 to P5, which
make well-defined contacts with the substrate in
both states, NBD1 and NBD2 are primed for ATP
hydrolysis.
Conversely, the mobile protomer (P6, P1, and
P2) NBDs (fig. S7B) are in different active and
inactive configurations based on the position of
Arg fingers and nucleotide density. For the P6
protomer, both NBDs appear inactive in the closed
state (Fig. 4A) with P5-R334 ~12 Å away and
P5-R765 ~6 Å away from the respective NBD1
and NBD2 g-phosphate in P6. By contrast, both
P5-R334 and P5-R765 in the extended state are
identified to contact the respective g-phosphates
directly, indicating that these sites are in an active
configuration. Notably, the closed-to-extended
conformational change results in both nucleotidepocket activation and substrate contact by P6
(Fig. 3B).
P1 contacts substrate at the lowest position in
the hexamer and appears inactive in both states
(Fig. 4A). In the closed state, P6-R334 is ~11 Å
away and P6-R765 is ~21 Å away from the respective g-phosphate in P1. These Arg residues are
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Fig. 1. Substrate-bound Hsp104:casein closed complex. (A) FITC-casein
binding analysis, measured by fluorescence polarization in the presence of:
ATP-g-S (red), ATP (green), AMP-PNP (black), and ADP (blue) (values =
mean ± SD, n = 3). (B) Representative top- and side-view 2D class averages
comparing the Hsp104–ATP-g-S:casein closed state and Hsp104–AMP-PNP
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Fig. 2. Structural basis for substrate binding in the axial channel. (A) Channel view of the map
showing the extended poly-Ala strand modeled as the substrate (mesh) and pore loops with residues
indicated. The P6 pore-loop regions not contacting substrate are indicated (circles). (B) Model and
cryo-EM density showing P4 pore loop–substrate interactions mediated by Y257 (green) in the
NBD1 and Y662 (green) and V663 in the NBD2, as well as additional, noncanonical pore loops that
include residues K649 and Y650. (C) Spiral arrangement of the NBD1 and NBD2 canonical pore loops
for P1 to P5 contacting substrate and the disconnected position of the P6-NBD1 pore loop.

further separated from the nucleotide pockets in
the extended state, with R333, R334, and R765
more than 30 Å away (Fig. 4A). For P2, NBD1 is
in an active configuration in both states. However, P2-NBD2 switches from inactive in the
closed state to active in the extended state because of the P1-NBD2 conformational change
that brings R765 adjacent the g-phosphate (Fig.
4A). Finally, on the basis of difference maps,
density for nucleotide is present in all sites but
appears reduced at certain sites: NBD1 in P6
and P1 for the closed state and NBD2 in P1 for
both states, indicating partial occupancy or a
posthydrolysis state (fig. S7C).
The NBD states, along with substrate interactions, are depicted in a schematic to explain
how active-site rearrangements and the closedto-extended conformational changes drive substrate translocation (Fig. 4B). In the closed state,
substrate is bound by five protomers with four
Gates et al., Science 357, 273–279 (2017)
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NBD1 sites and three NBD2 sites in an active
(ATP) configuration. By contrast, in the extended
state, substrate is bound by six protomers with
five NBD1 sites and five NBD2 sites in an active
state. Importantly, the “off” protomer (P6) that is
unbound to substrate in the closed state becomes
active in the extended state and binds substrate at
the next position. The protomer counterclockwise
from this position is in the lowest “down” position
(P1) and remains inactive in both states, but undergoes a rotation in the extended state that activates NBD2 of the neighboring protomer.
These results suggest a rotary-type translocation
mechanism whereby four protomers remain bound
to substrate in a similar configuration with the
NBDs primed for hydrolysis, while two protomers
at the transition site between the lowest and
highest position undergo conformational changes
that alter substrate interactions. Given the righthanded spiral of pore loops, position of the “up”

Allosteric control by the MD
The Hsp104–AMP-PNP (9) structure revealed an
open-spiral conformation that is substantially different from the closed, substrate-bound states
characterized here. Furthermore, a MD-NBD1 interaction was identified that suggested an allosteric control mechanism. To further explore the
MD and the role of nucleotide in the Hsp104
conformational cycle, we determined the cryoEM structure of Hsp104 incubated with ADP to
5.6 Å resolution (Fig. 5A and fig. S8, A to C). The
reconstruction reveals an identical AAA+ arrangement compared to Hsp104–AMP-PNP (RMSD =
2.5 Å) involving a left-handed spiral architecture defined by a ~10 Å rise per protomer and
a heteromeric AAA+ interaction between P6NBD1 and P1-NBD2.
The MD is resolved for three protomers (P3 to
P5) and identified to be in a crisscross equatorial arrangement stabilized by contacts between
the first (L1) and third (L3) helices (Fig. 5B). This
arrangement is similar to previous structures
(11, 12, 17) but markedly different to the Hsp104–
AMP-PNP structure, in which the same MD L1
region makes contact across the NBD1 of the
clockwise protomer (Fig. 5C). Comparison of
these ATP- and ADP-state MD conformations
reveals a substantial, ~30° rotation around position 409 at the MD-NBD1 junction (fig. S8D and
movie S3). Although hexamers exclusively bound
to ATP or ADP are likely rare in vivo, these data
reveal that the MD adopts two nucleotide-specific
conformations that reflect pre- and posthydrolysis states.
Sites that comprise the MD-MD interactions in
Hsp104-ADP are critical for function (4, 5, 12, 13).
However, the AMP-PNP–specific MD L1–NBD1
interaction has not been characterized. Therefore, single charge-reversal mutations were introduced to disrupt three putative L1-NBD1 salt
bridges (9): E412-R194, E427-R353, and D434R366 (E, glutamic acid; D, aspartic acid) (Fig. 5C).
These mutants exhibit robust ATPase activity
(fig. S8E). However, they are unable to reactivate
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and “down” protomers, and NBD1 to NBD2 direction of translocation, peptide movement could
occur through a counterclockwise cycling of these
closed and extended states. On the basis of this
model, the inactive protomer in the down position could release substrate and reengage in the
up position, thereby advancing translocation by a
two–amino acid step. Transmitting these changes
counterclockwise would enable the hexamer to
advance processively along the polypeptide during translocation (movie S2). Some variability in
the step size, potentially to accommodate bulky
residues, could be achieved by conformational
changes in the extended-state protomer in the
up position that shift its pore-loop contact. These
results parallel the right-handed substrate interactions and rotary-driven hydrolysis models
for DNA and RNA helicases, including AAA+
(E1, DnaA, and MCM) (3, 14, 15) and RecA (Rho)
(16) families. Thus, this ratcheting mechanism
may be conserved among many ATP-driven
translocases.
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Fig. 3. Hsp104:casein extended-state
conformation advances substrate contacts.
(A) Cryo-EM reconstruction of Hsp104:casein
identifying substrate (yellow) and an extended
conformation of protomers P1 and P6.
(B) Filtered map of P1 (red) and P6 (magenta)
overlaid with the corresponding closed-state
protomers (gray) after alignment to P4 in the
hexamer. NBD conformational changes (arrows)
resulting in extended-state interactions (black
circles) with substrate (yellow) and the P2-NBD2
(orange) are shown. (C) Model and map of the
P6-NBD1 and -NBD2 pore loops showing change
in the pore-loop position (arrow) compared to
the closed state (gray) for NBD1 and substrate
contact by Y257 and Y662 (green). (D) Model
and map of the NBD1 and NBD2 P1 to P6 spiral
of pore loop–substrate interactions.
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denatured firefly luciferase aggregates in vitro
(Fig. 5D) or confer thermotolerance in vivo (fig.
S8E), supporting a functional role for the L1-NBD1
interaction.
To determine MD conformations in the caseinbound complex, additional 3D subclassification
analysis and refinement were performed on the
Hsp104 closed-state data without applying a mask
(fig. S9A). Three classes with distinct MD arrangements were identified: MD class 1, class 2, and
class 3, which refined to 6.7 to 6.9 Å (Fig. 5E and
fig. S9B). For these maps, the AAA+ core and substrate density are identical to the closed-state structure. In the MD class 1, density corresponding to
the MD coiled coil is identified for four protomers
(P1, P2, P5, and P6), revealing an ADP-state, crisscross arrangement around the P6 to P1 mobileprotomer face (Fig. 5E). Notably, the N-terminal
domains (NTDs) for all protomers are also resolved
in this class, revealing that they interact together
in an alternating, triangular arrangement with
the polypeptide strand oriented asymmetrically in
the channel, toward the P3 and P5 NTDs (fig. S10).
For MD class 2, density corresponding to MD
helices L1 and L2 is identified for protomers P3
to P5, revealing that L1 is positioned across the
clockwise protomer, which indicates an ATPstate conformation (Fig. 5E). For class 3, both MD
conformations are identified: P1, P5, and P6 adopt
the ADP state, while P3 and P4 are in the ATP
state (Fig. 5E). This classification captures specific
MD conformations that are in specific agreement
with our analysis of the nucleotide pockets (Fig. 4).
Thus, in an actively translocating hexamer, MD
conformational changes likely propagate around
Gates et al., Science 357, 273–279 (2017)
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Fig. 4. Extended-state activation of the nucleotide pockets is coupled to translocation. (A) Map
and model of the P6, P1, and P2 nucleotide pockets. Arg fingers NBD1-R334 and NBD2-R765 are
shown (green) with g-phosphate contact indicated (*) for the active sites and distances shown for
the inactive sites. Sensor 2 residues NBD1-R333 and the NBD2-R826 are shown (cyan). (B) Rotary
translocation model showing closed-to-extended states resulting in active (green), inactive (red), and
unbound or inactive (gray dash) states of the NBDs. Pore-loop spiral (gray gradient) is shown contacting
substrate (yellow). Arg-finger contact and NBD activation is depicted by the interlocking contact.
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the hexamer in accordance with nucleotide state.
The MD could function to lock the ATP state for
protomers that are in contact with substrate (P2
to P5) and transition to a posthydrolysis release
state toward the mobile face, thereby allosterically tuning the closed and extended conformational changes that advance substrate.
NBD1-driven rearrangement
engages substrate
To determine how the open and closed states may
function together, cryo-EM data sets of wild-type
and mutant Hsp104 incubated with different nucleotides were analyzed by 2D and 3D classification methods (Fig. 6A and fig. S11A). As expected,
AMP-PNP and ADP data sets classify with 100%
of the data matching the open conformation.
With ATP incubations, alone and with substrate,
Hsp104 primarily adopts the open conformation
(>80%); however, a notable fraction (10 to 20%)
are in the closed state. A 3D reconstruction of the
Hsp104-ATP structure was determined to 6.7 Å
and is identical to the AMP-PNP– and ADP-bound
structures (cross-correlation = 0.98) (fig. S11B).
Thus, during active hydrolysis (fig. S8E), the open
state is favored; however, both conformations
exist in equilibrium. With ATP-g-S, nearly 80%
of hexamers are in the closed state (Fig. 6A),
which increases to 100% with casein, demonstrating that ATP-g-S and substrate together
trigger complete conversion to the closed state.
The sensor 1 ATPase mutants (18), T317A in
NBD1 and N728A in NBD2 (T, threonine; A, alanine; N, asparagine), were investigated to determine the role of NBD1 and NBD2 function
Gates et al., Science 357, 273–279 (2017)
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(Fig. 6A). In contrast to wild type, T317A incubated with ATP or ATP-g-S classifies with
100% matching the open state, indicating that a
hydrolysis-active NBD1 promotes the closed conformation. Conversely, ~80 and 60% of N728A
hexamers match the closed state in the presence of ATP and ATP-g-S, respectively. In caseinbinding experiments, N728A binds with high
affinity (Kd ~ 33 nM); in contrast, wild type and
T317A show weak binding (Kd > 2 mM) (Fig. 6B)
in the presence of ATP. With ATP-g-S, both wild
type and N728A bind with a high affinity (Kd ~ 16
to 20 nM), whereas T317A has a reduced affinity in comparison (Kd ~ 1.4 mM) (Fig. 6C). Thus,
Hsp104 exists in an open-to-closed conformational equilibrium that is differentially controlled by
NBDs. Hydrolysis by NBD1 promotes the closed
state, but hydrolysis by NBD2 favors the open
state. Substrate binding and the open-to-closed
conformational change are coupled and likely
driven by NBD1 function, whereas NBD2 may
be important for substrate-release steps.
Massive conformational changes are required
to transition between the open and closed states
(Fig. 6D and movie S4). In the open state, protomer P1 is in the topmost position, and the hexamer adopts a left-handed spiral with P6 ~ 50 Å
below, along the axial channel. Upon conversion
to the closed state, P6 shifts by ~65 Å and rotates
toward the channel by ~60° (fig. S12), resulting
in a right-handed spiral and a channel that has
narrowed by ~10 Å. Considering that substrate
interactions and hydrolysis by NBD1 are critical
for the closed state (Fig. 6, A to C), we propose
that this large conformational change drives

substrate-binding and -release steps of the cycle
(Fig. 6D). When the conformational change is
modeled with substrate, nearly 30 residues can
be translocated into the channel. Additionally,
similar open “lock-washer” conformations are
populated by other translocases (19–22), which
may represent a conserved off state.
Disaggregation involves nonprocessive and processive mechanisms (23, 24). Cycling between the
open and closed states may enable nonprocessive
bind and release “pulling” events. Alternatively,
the two different substrate-bound states suggest
a processive mechanism whereby two protomers
undergo ratchet-like conformational changes that
enable substrate-binding and -release steps to
occur while the hexamer remains engaged. This
rotary-like mechanism could drive disaggregation
when coupled to stepwise cycles of ATP hydrolysis around the ring (movie S2). Such a cooperative mechanism could enable dissolution of more
stable aggregates or amyloids (23). Although this
mechanism contrasts with stochastic models proposed for ClpX (1), Hsp104 may exhibit different
conformational cycles tuned to different substrates (23). Notably, both extended and closed
states reveal a precise 6 to 7 Å separation of the
pore loop–substrate contacts. A two–amino acid
step involving conformational changes at the spiral interface would continually maintain this register during translocation. This pore-loop spacing
is observed in related AAA+ rings (25–27) and
represents a conserved feature of translocases.
Although additional states are likely involved,
our structures reveal a substrate-dependent structural plasticity for Hsp104, which could enable
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Fig. 6. Nucleotide-state and NBD function in the open-closed conformations and model for
the disaggregation cycle. (A) The fraction of open and closed conformations, determined by 3D
classification analysis, is shown for wild-type Hsp104 and sensor 1 ATPase mutants (T317A in NBD1 and
N728A in NBD2) after incubation with indicated nucleotides and substrate (-PNP stands for AMP-PNP;
-g-S stands for ATP-g-S). (B and C) FITC-casein (60 nM) binding to Hsp104 wild type (black) and mutants
T317A (green) and N728A (red) in the presence of (2 mM) ATP (B) or ATP-g-S (C). Values represent
mean ± SD (n = 3). (D) Proposed models for nonprocessive and processive modes of translocation
involving open-to-closed conformational change upon substrate engagement and release and ratchet-like
open-to-extended protomer changes that occur around the hexamer during cycles of ATP hydrolysis.
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Untangling aggregates one step at a time
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high-resolution cryo-electron microscopy structures of the Hsp104 disaggregase bound to an unfolded polypeptide
substrate in its channel. The structures reveal substrate interactions and two different translocation states. Hsp104
undergoes conformational changes that drive movement along the substrate by two-amino-acid steps. These states help
explain how this molecular machine can solubilize protein aggregates and amyloids.
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Materials and Methods

Purification, Fluorescence Polarization, and Size Exclusion Chromatography.
All Hsp104 variants were generated using QuikChange site-directed mutagenesis (Agilent) and
confirmed by DNA sequencing. Hsp104, Hsp104T317A, Hsp104N728A, Hsp104E412K, Hsp104R194E,
Hsp104E427K, Hsp104R353E, Hsp104D434K, and Hsp104R366E were purified as described(4, 28).
Hsc70 and Hdj2 were from Enzo Life Sciences. For fluorescence polarization studies, Hsp104WT,
Hsp104T317A, or Hsp104N728A were exchanged into 40 mM Hepes-KOH pH 7.4, 20 mM MgCl2,
150 mM KCl, 10% Glycerol (v/v), 2 mM 2-Mercaptoethanol. To assess FITC-casein binding,
FITC-casein (60 nM) was incubated with increasing concentrations (0-5µM hexameric) of
Hsp104, Hsp104T317A, or Hsp104N728A with 2 mM of the indicated nucleotide for 10 min at 25°C.
For the ATP condition, an ATP regeneration system (5mM creatine phosphate and 0.125µM
creatine kinase) was also included to maintain the ATP concentration. Fluorescence polarization
was measured (excitation 470 nm, emission 520 nm) using a Tecan Infinite M1000 plate reader.
The binding isotherms were analyzed using MicroMath Scientist 3.0. Parameters: IndVars=Xt;
DepVars=P; Params: Bmax, K, Mtot; Xbar=Xf / (K + Xf); Xt=Xf+Xbar*Mtot; P=Bmax *Xbar;
0<Xf<Xt (P represents the fluorescence polarization values, Xt represents total [Hsp104]6, Xf
represents free [Hsp104]6, Xbar represents degree of binding, and Mtot represents total [casein]).
Size exclusion chromatography (SEC) analysis and purification was performed by
incubating wildtype Hsp104 (20 µM) with nucleotide (ATP, ATPγS, AMPPNP or ADP at 5
mM) in the presence or absence of FITC-casein (#C0528, Sigma) in buffer containing: 20 mM
Hepes (pH=7.5), 50 mM KCl, 10 mM MgCl2, 1 mM DTT. Samples were subsequently separated
using a Superose 6 PC 3.2/30 column (GE Healthcare) in a running buffer containing: 40 mM
2

Hepes (pH=7.5), 40 mM KCl, 10 mM MgCl2, 1 mM DTT. Fractions were analyzed by SDSPAGE to confirm the presence of Hsp104 and casein. Of note, SEC analysis of FITC-casein
alone (Figure 1B and Fig. S1A) identified a monomer peak, eluting at ~1.7 mL, and a broad
oligomer peak, eluting at ~1.2 mL, which is distinguishable from the ATPγS-Hsp104 and
ATPγS-Hsp104:casein peaks, which elute at ~1.3 mL. The casein oligomer is attributed to its
known polymerization capability(29) and appears to be solubilized by Hsp104 considering it is
significantly diminished in the presence of Hsp104 (Figure S1). For samples subjected to cryoEM analysis, excess nucleotide (1mM) was added following fractionation to ensure binding
during grid preparations.

Cryo-EM Data Collection and 3D Reconstructions. Protein samples were diluted to
~700µg/mL and applied to glow-discharged C-Flat holey carbon grids (CF-2/1-4C-T,
Protochips) following SEC fractionation or incubation with various nucleotides (when casein
was not present). Samples were plunge-frozen using a vitrobot (FEI Company) and imaged as
indicated (Table S1), on a Titan Krios TEM operated at 300 keV (FEI Company). Images were
recorded on a K2 Summit detector (Gatan Inc.) operated in counted mode at 50,000X nominal
magnification corresponding to a calibrated 1.00 Å/pixel. Dose fractionated imaging was
performed by semi-automated collection methods using UCSF Image 4(30). Six second
exposures were collected at 100 msec/frame, with a total electron dose of 48 e- per micrograph
in 60 frames (Table S1). Whole-frame drift correction was performed via Unblur(31), removing
the first 2 frames of the data due to the large degree of drift. Dose weighting was applied to
frames above a 30-electron total dose.
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Micrographs were CTF corrected using CTFFIND4(32) in Relion(33) and single particles
were automatically selected using Appion template picker within the Leginon pipeline(34).
Templates were determined from the previously published Hsp104:AMPPNP data(9). Initial 2D
classification was performed to assess data quality and remove contamination and incomplete
hexamer particles; this amounted to < 5% of the data for the Hsp104-ATPγS:casein dataset. All
3D classification and refinement steps were performed with Relion(33). For the Hsp104ATPγS:casein data, the refinement scheme and resulting data are depicted (Fig. S2D and Table
S1). An initial 3D refinement was performed using the Hsp104-AMPPNP structure(9), low pass
filtered to 50 Å, as an initial model. The resulting reconstruction was used as the model for
refinement using the total dataset, (~460,000 single particles from 3,000 micrographs) (Fig S2D).
Although this structure refined to an estimated 3.9 Å (Fig S2B), two protomer sites were
identified to be poorly resolved. Therefore, a 10-class 3D classification was performed resulting
in the identification of the ‘closed’ and ‘extended’ conformations. Extensive combinations of
these classes were tested by 3D refinement in order to obtain the highest resolution models. A
mask around the AAA+ core, determined with Relion, was imposed during refinement to
exclude the flexible NTDs and MDs and improve the resolution. Combining classes 2 and 7
yielded the highest resolution map of the closed conformation (4.0Å) (Figure S2B-D). Additional
sub-classifications of the ‘closed-state’ data (combining classes: 1,2, 5-8, and 10, or classes: 1, 5,
6, 8, 10) were performed, but did not yield improvements to the final map, and no additional
conformations were identified. The final map of the extended state, at 4.1 Å resolution, was
achieved by combining classes 3, 4 and 9 and performing a sub-classification with 6-classes,
followed by refinement of two of the resulting classes (Figure S2D and Table S1). Refinement of
the total extended state particles (classes 3,4 and 9) yielded a nearly identical structure at 4.0 Å
4

resolution however the additional classification and refinement showed improved density for the
NBD2 small domain of P1 and the NBD1 of P6.
For the Hsp104-ADP reconstruction (Table S1), ~190,000 particles were automatically
picked, as above, and 2D classification was performed to remove any contamination and poorlyresolved particles, resulting in a total of ~125,000 particles. The reconstruction was determined
as previously described(9), using the Hsp104-AMPPNP map, low pass filtered to 50 Å, as the
initial model. 3D classification indicated the data were homogeneous with no additional MD
states therefore all the single particles were used in the refinement, resulting in a final model that
represents the predominant ADP-bound Hsp104 conformation (Fig. S8A-C).
To resolve the MD conformations in the Hsp104:casein complex, all closed-state data
(~231,000 particles) were re-classified into 16 classes and a closed-state map (low-pass filtered
to 50 Å) with the MDs and NTDs removed served as the starting model. The 3D classes were
grouped by superposition and visual comparison of the MD conformations and then combined
for refinement, resulting in three final models (MD Class 1-3) (Fig. S9A-B and Table S1). This
approach was performed with the extended-state data; however, the MDs were unable to be
clearly resolved for the mobile protomers and thus not refined further. For all final maps, the
“Post-processing” procedure was used to generate a soft mask for the two half maps prior to FSC
estimation and automated B-factor sharpening was performed with the combined maps (Table
S1). The local resolution was estimated using ResMap(35) for the unsharpened closed and
extended-state maps (Fig. S3C and S5C).

Atomic Modeling. Initial rigid body fitting of a SWISS-MODEL(36) homology model based on
ClpB (pbd=1qvr) served as the starting structure for model building using the closed-state map.
5

Sub Domains (NBD1 Large/Small and NBD2 Large/Small) were segmented and rigid body fit
using UCSF Chimera’s Fit in Map function. P4 was selected for initial modeling as it showed the
best resolution among protomers. Missing pore loop residues in P4 of the closed model were
built de novo using COOT(37) and Phenix(38). Rosetta Comparative Modeling procedures
(described below) were then used for refinement to achieve the complete hexamer model(39,
40).
Template models were selected through HHsearch against full-length S. cerevisiae
Hsp104 sequence. This sequence was threaded onto the initial model, fit by rigid body methods,
and the four top-scoring matches were selected using the partial_thread tool within Rosetta
(pbd=1qvr, 5d4w, 5kne, 1rxg). These templates were set to template_weight=0.0 within the
template mover of Rosetta CM, while our initial model was set to template_weight=1.0.
Modeling and refinement of P4 was performed as a P3-P4 dimer within a segmented map in
order to accurately build the CTD, which was not available in published structures and forms
part of the protomer interface. 1000 trajectories were sampled for this P3-P4 dimer and the top
20 models, based on rosetta energy score, were inspected for convergence. An additional
template was used to ensure the convergence of the NBD2 pore loop (pdb=4fcv)(41), which was
added to improve further trajectories of the loop region 639-686. The converged P4 model was
rigid body fit into P2,P3, and P5 without change in the NBD1-NBD2 orientation, however both
P1 and P6 are in substantially different conformations compared to the P4 model and modeled
independently. This was achieved by rigid body-fitting the NBD1 and NBD2 domains using
UCSF Chimera and then running trajectories in Rosetta CM for the P1-P6 protomer dimer with
an additional 1000 models generated to obtain an accurate final model for P1 and P6. The
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extended-state model was determined by docking P2-P5 from the closed state and independently
modeling P1 and P6, as above.
The final protomer models were combined into the full hexamer map with ATPyS
molecules docked in all 12 NBD pockets. Additional density in the channel was attributed to an
unfolded polypeptide from the FITC-casein substrate. The sequence could not be resolved,
therefore a poly-Alanine chain (26 and 28 residues for the closed and extended states,
respectively) was modeled. The N-terminus was arbitrarily oriented towards NBD2; Hsp104 may
translocate either orientation of the substrate in the NBD1-to-NBD2 direction(10, 18, 42). To
ensure the protomer interfaces were correctly modeled, 400 trajectories were sampled on the full
hexamer complex. The 20 best models, which had the lowest energy and best electron density fit,
were taken for manual inspection. Models converged well in all areas and the top model was
chosen for local relax to ensure proper sidechain rotamer modeling. The final closed and
extended models were relaxed into training maps derived from half of the respective data and
checked for overfitting by comparing the FSC against the training or test maps (Figure S3D and
S5B). All images and movies were generated using UCSF Chimera(43).

Open/Closed Conformational Analysis. A specific 3D classification and analysis scheme was
performed to determine the fraction of open and closed hexamer populations in the presence of
different nucleotides and casein for Hsp104 wildtype, T317A and N728A (Fig. S11 and Table
S2). 3D classification was performed for each of the datasets with Relion(33) using the MD
Class 1 closed-state reconstruction low pass filtered to 30 Å as an initial model. Data were split
into 4 classes in order to properly separate the open and closed states and account for poorlyresolved data that did not classify to either state. Both the open and closed-state reconstructions
7

were tested as initial models but only the closed-state allowed convergence to either
conformation in initial test datasets. The resulting maps were fit into the closed- and open-state
reconstructions, low pass filtered to 15 Å, using the Fit in Map function in Chimera(43) to
determine the cross-correlation (CC). Maps with a CC value ≥ 0.93 were designated as a match
to that state. Maps that compared with a CC value < 0.93 to both the open and closed states were
overall poorly resolved, thus the data were not included in subsequent analysis. Notably, topview projections of the open and closed states show clear distinguishing features (Fig. S6),
including clear differences in the channel diameter, therefore 2D classification was performed on
all data sets as well to verify proper classification.

ATPase Assay. Hsp104 (0.25µM monomer) WT or mutant was equilibrated in Luciferase
Refolding Buffer (LRB: 25 mM HEPES-KOH, pH 7.4, 150 mM KAOc, 10 mM MgAOc, 10 mM
DTT) for 15 min on ice and then incubated for 5 min at 25°C in the presence of ATP (1 mM)
plus or minus casein (2µM). ATPase activity was assessed by the release of inorganic phosphate,
which was determined using a malachite green phosphate detection kit (Innova) (Fig. S8E)

Luciferase Reactivation Assay. To generate aggregated luciferase, firefly luciferase (50 µM) in
LRB plus 8 M urea was incubated at 30°C for 30 min. The sample was then rapidly diluted 100fold into LRB. Aliquots were snap frozen in liquid N2 and stored at −80°C until use. Aggregated
luciferase (50 nM) was incubated with Hsp104 (1 µM monomer), Hsc70 (0.167 µM) and Hdj2
(0.167 µM) plus ATP (5 mM) and an ATP regeneration system (10 mM creatine phosphate,
0.25µM creatine kinase) for 90 min at 25°C. At the end of the reaction, luciferase activity was
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assessed with a luciferase assay system (Promega). Recovered luminescence was monitored
using a Tecan Infinite M1000 plate reader (Fig. 5D).

Induced Thermotolerance Assay. W303aΔhsp104 (MATa, can1–100, his3–11,15, leu2–3,112,
trp1–1, ura3–1, ade2–1, hsp104:kanMX4) yeast cells were transformed with a centromeric
plasmid, pHSEgc, encoding Hsp104 or indicated variant under the control of the HSP104
promoter. The empty pHSEgc vector served as a negative control. Transformed yeast were
grown at 30°C in S-Dextrose-His (SD-His) media to an optical density of OD600=0.6. Cells were
incubated at 37°C for 30 min to induce the expression of Hsp104 or the indicated variant and
then transferred to 50°C for 0, 20 min or 30 min heat shock. Cells were then transferred to ice for
2 min. To evaluate viability, cells were then diluted 1,000-fold in ice-cold SD-His and plated on
SD-His. Colonies were counted using an aCOLyte automated colony counter (Synbiosis) after
growth at 30°C for 2 days (Fig. S8F). Immunoblot analysis showed that each Hsp104 variant was
expressed at a similar level under equivalent conditions.

9

Figure S1. Size exclusion chromatography (SEC) analysis of the Hsp104:casein complex.
Hsp104 and casein incubated with the indicated nucleotides, showing a shift in peak elution and
alignment of the absorbance curves for protein, 280 (solid), and FITC, 495 (dash) occurs
specifically in the presence of ATPγS. Fraction collected for cryo-EM characterization of
Hsp104:casein is indicated (arrow).
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Figure S2. Analysis and cryo-EM processing of the Hsp104:casein complex. (A)
Representative reference-free 2D class averages of the purified Hsp104:casein complex
incubated with ATPγS. (B) Gold standard FSC curves of the masked and unmasked processed
final reconstructions for the total dataset and the closed- and extended-conformation subclasses,
determined using Relion post_processing(33). (C) Top views of the Hsp104:casein 3D
reconstruction using the total dataset (following sorting by 2D classification), shown at 4σ and
8σ, showing the loss of density for the lower-resolution mobile two-protomer site (bracket). (D)
3D classification scheme for the Hsp104:casein dataset. Indicated classes were used for closed
(blue), extended (orange) and MD class (grey) refinements, with a 3D sub-classification of the
extended-state single particles to achieve a better-resolved P6-P1 interface. Classes indicated
with an (*) were confirmed to be in the closed state but resulted in no improvements in
resolution and thus were excluded during the final refinements.
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Figure S3. Validation of the Hsp104:casein closed state reconstruction. (A) 2D projections
from reference-free classification matched to back projections of the final map. (B) Angular
13

distribution of particles for the final refinement is shown with the corresponding view of the
map. The number of particles for each orientation is indicated by color (blue = low and red =
high) and the size of the bar. (C) Resolution shown across the final 3D map for the
reconstruction of the closed state, determined using Resmap(35). (D) FSC curve of the closed
model vs. training map (purple) and test map (green), following molecular model determination
in Rosetta (40). (E) Helix B4 from each protomer showing cryo-EM density (mesh) and atomic
model (sticks). (F) Superposition of the mobile protomers, P1 (red) and P6 (magenta), with a
stable protomer, P4 (blue), aligned to the NBD1 large subdomain to show conformational
differences.
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Figure S4. Pore loop-substrate contacts in the Hsp104:casein closed state. (A) Side-view of
segmented NBD1 and NBD2 pore loops, including Y257 and Y662 (arrows), shown along the
substrate polypeptide (yellow). (B) Top view of the NBD1 and NB2 pore loop-substrate
arrangement.
15
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Figure S5. Refinement and analysis of the Hsp104:casein extended state reconstruction. (A)
Angular distribution image of particles for the final round of refinement of the extended state, as
in Fig. S3b. (B) FSC curve of the final model comparing the training (red) and test (blue) models
used during refinement and model building with Rosetta(40). (C) Overlay of closed (yellow) and
17

extended (black mesh) polypeptide density shown following alignment of the AAA+ domains.
(D) Resolution across the final map determined by Resmap(35) analysis. (E) Closed and
extended models colored by the temperature factor, determined with Rosetta, identifying distinct
flexibility of the P1 and P6 protomers in the two states (red).
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Figure S6. Conformational differences and pore loop-substrate contacts in the closed and
extended states. (A) Overlay of the P6 and P1 protomers in the closed (grey) and extended
(magenta and red, respectively) states following alignment of the hexamers identifying specific
19

NBD1 and NBD2 rotations. (B) Overlay of the of the pore loops and polypeptide substrate in the
closed (grey) and extended (colored by protomer) states showing complete substrate engagement
and a 7 Å translocation step along the polypeptide that occurs in the extended state.
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Figure S7. Arrangement of the nucleotide pockets in the closed and extended states. (A)
Cryo-EM density and model for the NBD1 and NBD2 nucleotide pockets of P3-P5, in the closed
and extended states, showing an active configuration. The Arg finger residues (green), R334
21

(NBD1) and R765 (NBD2), from the adjacent protomer (helix B8 and helix D12, respectively)
and the putative NBD1 sensor 2, R333 (cyan) and the NBD2 sensor 2, R826 (cyan) are shown.
(B) Hexamer models of the extended and closed states, colored by protomer, showing the mobile
protomer face and location of the nucleotide pockets (circles). (C) Nucleotide pockets for
protomers P6, P1 and P2 in the closed and extended states with difference maps (displayed as
mesh with a threshold of s = ~7) shown. These were generated by subtracting an apo map
(generated from the model) from final reconstruction in order to show nucleotide occupancy.
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Figure S8. Refinement of the Hsp104-ADP and analysis of putative MD-NBD1 contacts. (A)
Angular distribution image of particles for the Hsp104-ADP reconstruction shown as in Fig. S3b.
(B) Gold standard(33) FSC curve of the final masked and unmasked 3D refinement of Hsp10423

ADP. (C) Reference-free class averages of Hsp104-ADP showing spiral, open conformation
(scale bar = 50 Å). (D) Overlay of MD and NBD1 for Hsp104-AMPPNP (grey) and Hsp104ADP (colored by protomer) reconstructions aligned to their AAA+ domains showing MD
conformational changes. (E) ATPase activity of wildtype Hsp104 and L1-NBD1 variants
identified in the Hsp104-AMPPNP structure in the absence (red) and presence (blue) of casein (2
µM). Values represent mean±SD (n=2). (F) ∆hsp104 yeast cells harboring empty pHSEgc vector
or the indicated pHSEgc-Hsp104 variant (WT, E412K, R194E, E427K, R535E, D434K, or
R366E) were grown to mid-log phase in SD-his. Prior to the 50°C heat treatment, matched
cultures were preincubated at 37°C for 30 min. Following treatment at 50°C for 0 min (red bars),
20 min (green bars), or 30 min (black bars) cells were transferred to ice and plated on SD-his.
After 2 days at 30°C, survival (%) was quantified. Values represent mean±SD (n=3).
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Figure S9. 3D classification scheme and refinement of MD Class1-3. (A) Scheme showing
3D sub-classification of the closed state classes performed following initial classification (Fig.
S2D) resulting in MD Class 1 (red) Class 2 (green) and Class 3 (blue) reconstructions that
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identify distinct ATP- and ADP-state MD conformations. (B) Gold standard FSC curves of the
final masked and unmasked 3D refinements of the indicated MD classes.
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Figure S10. Arrangement of NTDs in MD Class1. (A) Map and model of MD Class 1 showing
the NTD-NBD1 region, NTDs colored corresponding to protomer, as above. (B) Schematic
based on the model showing alternating orientation of the NTDs and triangular arrangement of
the channel entrance with substrate (yellow) positioned off-center, adjacent P3 and P5.
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Fig. S11. Classification analysis scheme to identify the fraction of the open and closed
states. (A) 3D classification scheme of wildtype and T317A mutant Hsp104 incubated with
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ATPgS and cross-correlation analysis to determine the classes that match the open or closed
states (cross-correlation ≥ 0.93 indicates a match). Note that the top views of the 2D projections
for each class clearly depict the open and closed conformation and agree with the crosscorrelation analysis. Classes with cross-correlation values < 0.93 for both the open and closed
model comparisons were considered poorly defined and excluded from further analysis (red X).
Resulting bar graph is shown of wildtype Hsp104-ATPgS and T317A Hsp104-ATPgS showing
the fraction of particles that match the open or closed conformations, determined from the above
cross correlation analysis. (B) Reconstruction, model and FSC cure of Hsp104-ADP showing
open spiral conformation and high cross correlation to the Hsp104-ADP map (0.975).
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Figure S12. Comparison of the channel in the open and closed state. Top views of open and
closed states, colored by protomers, showing the hexamer undergoes a ~60° rotation.
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Table S1. Data collection, processing and model parameters for all reconstructions and atomic
models.
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Table S2. Cross-correlation analysis and particle distributions for the open and closed hexamer
states following 3D classification.

32

Supplementary Movie Legends
Movie S1. Closed-extended ratchet-like conformational change of Hsp104 substrate-bound
states. The Hsp104 hexamer closed- and extended-state structures are shown with the protomers
(ribbons), colored as in Figure 1E, and the bound polypeptide substrate (yellow, with cryo-EM
density). The P4 protomers in the two hexamer structures were aligned and a morph is shown
going from the closed to extended states for the complete hexamer and for protomers P1, P2 and
P6, identifying conformational changes that result in substrate interactions by P6 and the twoturn spiral arrangement of pore-loops.

Movie S2. Closed-extended rotary model of polypeptide translocation by Hsp104. Morph of the
closed to extended conformational change, as in Video 1, applied sequentially around the
hexamer counterclockwise from P1 to P6. A 40 amino-acid strand was modeled based on the
extended-state structure, revealing processive, two-amino acid steps result translocation of 12
residues during one complete cycle around the hexamer.

Movie S3. MD conformational change between the ATP and ADP states. Morph of MD
conformations identified in the Hsp104-AMPPNP(9) (ATP state) and Hsp104-ADP structures.
The AAA+ domains of the P4 protomers were aligned for the two hexamer structures. The
morph identifies a 30° rotation around residue 409 resulting in the distinct MDL1-NBD1 and
MDL1-MDL3 interactions in the ATP and ADP states, respectively.

Movie S4. Rearrangement between the open and closed Hsp104 states results in a large, 65 Å
translocation step. The movie depicts the conformational change between the open and closed
33

states along a polypeptide modeled based on the closed state. For the morph, the P1 protomers
were aligned within the hexamer models of Hsp104-ADP and Hsp104:casein.
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