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Many members of the AAA� ATPase family function as
hexamers that unfold their protein substrates. These AAA
unfoldases include spastin, which plays a critical role in the
architecture of eukaryotic cells by driving the remodeling and
severing of microtubules, which are cytoskeletal polymers of
tubulin subunits. Here, we demonstrate that a human spastin
binds weakly to unmodified peptides from the C-terminal
segment of human tubulin �1A/B. A peptide comprising
alternating glutamate and tyrosine residues binds more
tightly, which is consistent with the known importance of
glutamylation for spastin microtubule severing activity. A
cryo-EM structure of the spastin-peptide complex at 4.2 Å
resolution revealed an asymmetric hexamer in which five
spastin subunits adopt a helical, spiral staircase configura-
tion that binds the peptide within the central pore, whereas
the sixth subunit of the hexamer is displaced from the pep-
tide/substrate, as if transitioning from one end of the helix to
the other. This configuration differs from a recently pub-
lished structure of spastin from Drosophila melanogaster,
which forms a six-subunit spiral without a transitioning sub-
unit. Our structure resembles other recently reported AAA
unfoldases, including the meiotic clade relative Vps4, and
supports a model in which spastin utilizes a hand-over-
hand mechanism of tubulin translocation and microtubule
remodeling.

AAA� ATPases constitute a large family of macromolecular
machines that are classified into clades on the basis of sequence
similarity (1). Many members function as hexamers that unfold
or disassemble protein molecules or complexes (2), and are
referred to as AAA unfoldases. Spastin belongs to the meiotic
clade of AAA unfoldases that also includes katanin, which
shares spastin’s microtubule-severing activity, and Vps4, which
performs an analogous activity against ESCRT-III filaments (3).
These meiotic clade enzymes display a single MIT domain near
the N terminus followed by a flexible linker and a single AAA
cassette that assembles as a hexamer to perform the mechanical
work of polymer remodeling and disassembly.

Mutations of spastin are the main cause of hereditary spastic
paraplegia (4). Such disease-causing mutations reflect the
importance of remodeling microtubules, which function in cel-
lular architecture, transport, and motion. Microtubules com-
prise polymers of �- and �-tubulin heterodimers (5), which in
humans are expressed from eight � and nine � isoform genes
(6). The folded regions of tubulins, which create the microtu-
bule filaments, are followed by flexible C-terminal tails that
project from the microtubule surface and are important for the
microtubule-binding and severing activity of spastin (7). Spas-
tin binding is promoted by glutamylation of the tubulin C-ter-
minal tails up to a threshold level, beyond which additional
glutamylation reduces the microtubule-severing activity (8).

Molecular mechanisms of spastin and other microtubule-
severing enzymes are debated (9), but an attractive possibility is
that the spastin hexamer translocates from the C-terminal res-
idues of tubulin into the folded domain to destabilize intersub-
unit contacts, thereby promoting subunit exchange or severing
(10). Note that, depending upon the frame of reference, spastin
translocation along the substrate polypeptide is equivalent to
polypeptide translocation through the ring formed by the spas-
tin hexamer. This model is consistent with recently determined
structures of other AAA unfoldases with peptides that appear
to mimic translocating substrates (11–22). These structures
typically display 4 –5 subunits in a helical configuration that
binds the peptide within the central pore. These structures sug-
gest that translocation along the substrate polypeptide pro-
ceeds by a hand-over-hand mechanism of subunits hydrolyzing
ATP, disengaging from substrate, and transferring from one
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end of the helix to the other (23). Despite the emergence of the
hand-over-hand model, the mechanism of the microtubule-
severing enzymes is not yet settled (9). In part, this is due to
recent structures of inactive mutants of Caenorhabditis elegans
katanin (24) and Drosophila melanogaster spastin (25) that
show all six subunits in a continuous helical configuration with-
out a transitioning subunit.

To study how spastin engages and translocates along the
tubulin polypeptide, we expressed a human spastin construct
and demonstrated binding to tubulin C-terminal peptides. The
cryo-EM structure showed that five subunits adopt the canon-
ical helical configuration, whereas the sixth subunit is disen-
gaged from the peptide as if transitioning from one end of the
spastin helix to the other. These findings support a common
mechanism for spastin and other AAA unfoldases in which
ATP binding and hydrolysis drives a sequential hand-over-
hand mechanism, with two amino acid residues being translo-
cated for each ATP hydrolyzed.

Results and discussion

Expression of human spastin

Human spastin is expressed from a single gene as four differ-
ent isoforms (26). The full-length (M1) protein comprises 616
amino acid residues, whereas use of an alternative initiator
methionine produces the more abundant M87 isoforms (27,
28). Alternative splicing of both M1 and M87 spastin produces
two other isoforms that differ by the presence or absence of
exon 4, which encodes residues 197–228 and lies between the
MIT domain and the ATPase cassette (26).

The M87 protein lacking exon 4 is expressed in mammalian
cells (27, 29) and retains ATPase and microtubule-severing
activity (30, 31). We used this construct (hereafter referred to as
spastin) to avoid including a hydrophobic membrane spanning
segment (residues 1– 86) and exon 4, which promoted aggrega-
tion (not shown). Spastin was expressed in Escherichia coli as a
GST4 fusion that, following cleavage by PreScission protease,
started with three nonnative residues (GPH) prior to M87, and
continued to the C terminus of the full-length protein. This
protein construct was used in all of the binding and structure
determination studies reported herein.

Spastin binds weakly to tubulin-derived peptides

We used fluorescence polarization spectroscopy to examine
the binding of recombinant spastin to peptides derived from
the C-terminal region of human tubulins �1A and �1B, which
are identical in this region. Our choice of the nucleotide analog
ADP�BeFx for these studies was guided by our experience with
Vps4, which bound peptides in the presence of ADP�BeFx or
ADP�AlFx, but not other nonhydrolyzable analogs such as
ATP�S or AMPPNP (32).

Three overlapping peptides spanning the C-terminal 50 res-
idues of tubulin �1A/B were synthesized with a fluorescein at
the N terminus. The two most N-terminal tubulin peptides

bound spastin with a KD of �30 �M, whereas the C-terminal
peptide bound even more weakly, with a KD in excess of 100 �M

(Fig. 1). These data are consistent with the finding that the
interaction of spastin with tubulin C-terminal residues is func-
tionally important but inherently weak (31), and that posttrans-
lational modifications enhance the microtubule-severing activ-
ity of spastin (8).

Enhanced binding of spastin to a glutamate-tyrosine peptide

The modest affinity seen for the tubulin peptides is notably
weaker than the affinity demonstrated for an 8-residue peptide
that binds Vps4 (11). Therefore, guided by the finding that
tubulin glutamylation is important for microtubule recognition
by spastin (8) and because Vps4 binds four dipeptide units, we
tested the binding of E8, an 8-glutamylate peptide, and (EY)5, a
10-residue peptide comprised of alternating glutamate and
tyrosine residues. E8 binding was weak, whereas (EY)5 bound
with a KD of 0.3 � 0.1 �M (Fig. 1), which is similar to that of an
ESCRT-III– derived peptide binding to Vps4 (11). This rela-
tively tight binding affinity may reflect the importance of an
intermediate level of posttranslational glutamylation for opti-
mal tubulin severing (8), and made (EY)5 an attractive target for
determination of a spastin-peptide complex structure.

Cryo-EM structure of a spastin-peptide complex

Spastin was incubated with (EY)5 and Mg2� ADP�BeFx.
Cryo-EM and image analysis of frozen-hydrated specimens
yielded a complex structure with an overall resolution of 4.2 Å,
as indicated by the Fourier shell correlation (FSC) value of 0.143
for comparison of two independent reconstructions from sep-
arate groups of particles (33) (Fig. 2, Table S1, Figs. S1, S2 and
S3, and Video S1). The assembly of the AAA cassettes is clearly
defined. A cloud of additional density seen on the N-terminal
side of the hexamer (not shown) presumably corresponds to the
N-terminal linker residues and MIT domains. The indistinct
appearance of this density indicates inherent flexibility of those
regions.

Five of the spastin subunits (A–E) form a helix in which their
tightly-packed subunit interfaces are stabilized by binding of
ADP�BeFx in what appears to be an ATP-like state at the active
sites of subunits A–D (Fig. 2C). As with other AAA� ATPases,
binding of nucleotide at these active sites is completed by coor-

4 The abbreviations used are: GST, glutathione S-transferase; AAA/AAA�,
ATPases associated with diverse cellular activities; cryo-EM, electron cryomi-
croscopy; FSC, Fourier shell correlation; PDB, Protein Data Bank; ATP�S, aden-
osine 5�-O-(thiotriphosphate); AMPPNP, 5�-adenylyl-�,�-imidodiphosphate.

Figure 1. Binding of spastin to substrate peptides. Fluorescence polariza-
tion anisotropy isotherms for spastin binding to the indicated peptides. Error
bars are shown for all data points, but are often smaller than the data point
symbol. E8 is an 8-residue glutamylated peptide. (EY)5 is a 10-residue peptide
comprised of alternating glutamate and tyrosine residues.
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dination of finger arginine residues from the following subunit
(Fig. 3A). Subunit E appears to bind ADP, which is consistent
with the displacement of subunit F and its finger arginines (Fig.
3B). Subunit F does not continue the helix of subunits A–E, but
rather is displaced from the helix axis and contacts subunits A
and E at each end of the helix, primarily through interactions of
small domains toward the periphery of the hexamer. Overall
density for subunit F is relatively weak, and we were not able to
model a coordinating nucleotide. In contrast to the tightly-
packed interfaces that define the helical assembly of subunits
A–E (Fig. 3A), the EF and FA interfaces are relatively open at the
nucleotide-binding sites in the large domain, as if to allow for
nucleotide exchange (Fig. 3, B and C).

Peptide binding in the spastin pore

Two conserved loops from each of the five A–E helical spas-
tin subunits project into the central pore. These pore loop 1 and
pore loop 2 residues form a double spiral staircase with helical
steps of �6 Å translation and 60° rotation (Fig. 4A). Subunit E is
slightly displaced from this symmetry, as was also noted for the
previously reported structures of Vps4 (11) and YME1 (18).
Pore loop residues from the five helical subunits bind the pep-
tide, whereas the sixth subunit (subunit F) is displaced from
contact with the peptide. The overall dimensions of the pore are
defined by the distance from the helix axis to the closest pore
loop 1 and pore loop 2 C� atoms, which is 6 and 7 Å, respec-
tively, and by the vertical distance between the top (A) and
bottom (E) subunit pore loop 1 residues, which is 24 Å (Fig. 4A).

All 10 residues of the bound peptide were seen in the density
map, although side chain density was not apparent for the first

and last residues (Fig. 4B). As expected for an extended confor-
mation at medium resolution, the peptide orientation is not
apparent from the density. We have modeled the peptide in the
N-to-C top-to-bottom direction of the side views in the figures
because that orientation is consistent with the expected direc-
tion of substrate translocation by spastin and Vps4 (11, 12).

The (EY)5 peptide binds within the central pore in an
extended (�) conformation, with alternating side chains pro-
jecting from either side of the strand. The alternating side
chains are bound in two different types of pockets, termed class
I and class II (23), which are formed by the pore loop residues of
subunits A–E (Fig. 4C). The four class I-binding pockets are
created by the pore loop 1 Tyr-415 residues of adjacent sub-

Figure 2. Cryo-EM structure of the spastin-peptide complex. A, top view of the cryo-EM density map, color-segmented for the six spastin subunits and the
peptide. The contour shown is 6.8x the map root mean square deviation. B, side view of the density map with spastin shown as a transparent surface to reveal
the peptide density (green) in the central pore. C, top view of the model. The large and small ATPase domains of subunit B are indicated with dashed lines. ATP
(ADP�BeFx) and ADP (pink) are indicated at the subunit interfaces. D, side view of the model with subunit F removed to expose the binding groove and the
peptide (green). E, sequence alignment of meiotic clade AAA� ATPases of known structure. Human spastin secondary structures as defined by DSSP (49) are
indicated above, and are numbered according to the scheme used for D. melanogaster spastin (25). Walker A, Walker B, pore loop 1 (PL1), pore loop 2 (PL2), and
the arginine fingers are indicated.

Figure 3. Binding poses of ATP and ADP. A, coordination of Mg2� ADP-
�BeFx (ATP) at the active site of subunit A. Coordination of the � phosphate
and BeFx is completed by the two arginine finger (R) residues of subunit B. The
BC, CD, and DE interfaces are very similar. B, ADP at the subunit E active site,
where the subunit F finger arginines are displaced �14 Å relative to the AB,
BC, CD, and DE interfaces. C, the subunit F active site lacks sufficient density to
determine whether or not nucleotide is bound. D, modeling of nucleotides in
the density for nucleotide at the A–E active sites.

Spastin-peptide complex structure
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units and flanked by Lys-414 of the first subunit. The class II
pockets are created by pore loop 1 Val-416 residues of adjacent
subunits and are flanked by pore loop 2 His-455 residues of the
first and preceding subunit and by Arg-460 of the first subunit.
These pockets bind the peptide side chains, with residues 2, 4, 6,
and 8 fitting into class I pockets and residues 3, 5, 7, and 9 into
class II pockets. (Note that residue number 1 of the shorter
Vps4-bound peptide (13) corresponds to residue 2 of (EY)5.)
The density does not distinguish between peptide glutamate
and tyrosine side chains, although the positioning of glutamates
in class II pockets is consistent with the presence of His-455,
which is conserved in spastins and katanins, and is the only
potentially charged residue at the binding surface that differs
between the microtubule-severing AAA unfoldases and their
meiotic clade relative Vps4, where it is a serine residue. Con-
sistent with binding of negatively charged residues of the sub-
strate, the binding groove displays positive electrostatic poten-
tial (Fig. 4D).

Comparison with other meiotic clade AAA unfoldases

The human spastin-peptide complex structure overlaps
closely with previously reported structures of other meiotic
clade AAA unfoldases, including Vps4, katanin, and D. melano-
gaster spastin. As discussed below, the most notable difference
between these structures is that katanin and Drosophila spastin
have been reported in a continuous spiral conformation that
has a different position for subunit F. In all of these structures,

however, the A–E subunits are quite similar and overlap with
root mean square deviation values of 1.7–3.2 Å (Table S2). The
largest differences are seen at the termini and surface loops
where poor density indicates conformational flexibility for one
or more of the structures, whereas regions in the core of the
structure are closely similar. This structural similarity is consis-
tent with the sequence alignment of AAA cassettes (Fig. 2E),
which shows 46 –76% residue identity (Table S2).

The overlap with Vps4 is of particular interest because, like
spastin, its subunit F contacts both subunits A and E at either
end of the A–E helix, and it was a foundational structure for
proposal of the hand-over-hand mechanism (11, 12). Rigid
body superposition of Vps4 and spastin subunits A–E shows a
root mean square deviation of 1.7 Å for 1,175 pairs of equivalent
C� atoms (Fig. 5A). This similarity extends to the arrangement
of the pore loops of subunits A–E (Fig. 5B) and coordination of
substrate side chains by the class I- and II-binding pockets. As
with spastin, Vps4 subunit F is poorly ordered, and focused
classification of four Vps4 datasets has led to the identification
of 12 subunit F positions that together span a proposed transi-
tion path between the ends of the helix formed by subunits A–E
(13). The position of subunit F resolved in the spastin recon-
struction falls on the spectrum of the positions seen from
focused classification of the Vps4 reconstructions (Fig. 5C).

Implications for mechanism

The structural similarity implies that spastin uses the same
hand-over-hand mechanism that has been proposed for sub-
strate translocation by Vps4 and other AAA unfoldases (23), in
this case to destabilize microtubules by translocating from the
C-terminal tubulin tails toward the folded N-terminal domain.
In this model (Fig. 6), ATP binding stabilizes the interfaces that

Figure 4. Binding of substrate peptide as an extended strand. A, top and
side views of peptide (green) and residues from pore loop 1 (PL1; 414 – 416)
and pore loop 2 (PL2; 455– 460) of subunits A–E. The pore loops of these
subunits form a double helix that binds the peptide. Pore loops of subunit F
(not shown) are displaced away from the helix axis and the peptide. B, density
for the bound peptide and pore loop 1 residues, contoured at 7.0 � �. All side
chains of the peptide are resolved except for the two terminal residues. C,
close-up views of the class I and class II pockets that bind the alternating side
chains of the peptide. This view shows pockets at the interface of subunits B
and C (and His-455 of subunit A). The equivalent binding pockets at the AB,
CD, and DE interfaces are very similar. D, electrostatic potential surface within
the pore computed for subunits A–E. The scale was �10 (red) to 10 (blue)
kb�T�ec

�1. The calculation was performed at pH 7.2.

Figure 5. Close similarity between spastin and Vps4 and mechanistic
implications. A, top and side views of spastin subunits A–E overlapped with
Vps4 (12) using PyMol (Schrödinger, LLC). B, top and side views of spastin
(colors) and Vps4 (gray) peptide and pore loop 1 residues after overlap on the
large ATPase domains. Subunit F (magenta for spastin) is distant from the
bound peptide. C, spastin subunit F (magenta) lies on the spectrum of subunit
F positions seen from focused classification of multiple Vps4 structures (gray)
(13). Pore loop 1 is shown with the preceding strand and following helix.
Spastin subunits A (red) and E (blue) are indicated.
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give rise to the helical assembly of subunits A–E that is optimal
for binding the substrate polypeptide. Hydrolysis and phos-
phate release at the subunit D active site weakens the interface
with subunit E, which is then able to disengage from the sub-
strate and transition to the more open position of subunit F.
Exchange of ADP for ATP subsequently allows the subunit in
position F to dock at the top of the helix of spastin subunits and
bind the next substrate dipeptide.

Consistent with the structure, the hand-over-hand model
involves opening of the large domain interfaces between sub-
unit F and the neighboring A and E subunits, while contacts are
maintained by the small domains at the periphery of the hex-
amer. As a result of these small domain contacts, conforma-
tional transitions can be coordinated so that as subunit E moves
from the bottom of the helical stack to the subunit F position,
subunit F moves to the subunit A position. This enables four or
five subunits to maintain contact with the peptide in the helical
conformation as subunits ABCDEF transition to the BCDEFA
states, respectively. Thus, important features of this mecha-
nism are that each subunit maintains an identical grip on its
substrate dipeptide as it translocates (with respect to the other
subunits) through the A, B, C, D, and E states, and events at the
opposite ends of the helix are coordinated by maintenance of
contacts with the transitioning subunit.

Because tubulin sequences are much more varied than the
(EY)5 peptide used in this study, the model implies that spastin
binds different amino acid residues using equivalent class I- and
II-binding pockets. This is presumably enabled by the highly
solvated nature of the pore, which in the case of Vps4 can even
accommodate a second substrate strand without distortion
(13). We envision that the branched polypeptide created by
polyglutamylation could be accommodated by spastin in an
analogous manner. The mechanism also implies a translocation
of two amino acids of tubulin for each molecule of ATP hydro-
lyzed. We expect that some deviations from this model could
occur. For example, distortions or slippage might result from
substrate residues such as proline that cannot adopt a canonical
�-strand conformation, from glycine, which lacks a side chain

and is therefore expected to bind only weakly, or upon encoun-
tering stable domains that are resistant to unfolding and
translocation.

Comparisons with the continuous spiral structures of katanin
and spastin

Although we favor the hand-over-hand model, the extent to
which spastin utilizes the same mechanism as other AAA
unfoldases is debated, in part because recent structures of
D. melanogaster spastin (25) and C. elegans katanin (24) both
display continuous six-member spiral architectures. These spi-
rals are essentially identical to our spastin and Vps4 closed ring
structures over subunits A–E (Table S2), whereas the sixth sub-
unit of the spiral structures continues the helix of subunits A–E
rather than adopting a transitioning position that connects the
E and A subunits (Fig. 7). The similarity of the closed ring and
continuous spiral structures over subunits A–E is emphasized
by the finding that a polyglutamate peptide binds within the
D. melanogaster spastin spiral in the same conformation as
peptides bind to the Vps4 and human spastin ring structures
(25). Interestingly, inspection of the deposited katanin map
shows a previously unrecognized peptide in the substrate-bind-
ing groove of that structure also (Fig. S4). The close relationship
between the continuous spiral and ring configurations is fur-
ther reinforced by the observation that, in addition to the spiral
configuration, the katanin structure determination resolved a
second configuration that is essentially identical to our spastin
and Vps4 structures (24). Moreover, a reconstruction of
Vps4EQ, which has an active site mutation (34), displayed the
same spiral configuration as katanin and D. melanogaster
spastin.

We note that the continuous spiral structures of D. melano-
gaster spastin (25), katanin (24), and Vps4EQ (34) were all deter-
mined using proteins that contain an Glu to Gln mutation of the
Walker B glutamate. This widely used mutation allows ATP
binding but does not allow ATP hydrolysis. Thus, the spiral
configuration may be promoted by biochemical conditions that
stabilize the additional ATP-bound interface (with concomi-

Figure 6. Proposed mechanism of substrate translocation. Spastin is colored white with the pore loop 1 Tyr-415 of all six subunits in color. Substrate (green)
is modeled on the bound peptide, extended at either end by continuing the �-strand conformation, and shown with modeled glutamate side chains.
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tant loss of a subunit FA contact) to the point that the contin-
uous spiral configuration outcompetes the alternative ring con-
figuration in which smaller interactions with both subunits A
and E are maintained as F moves from the bottom to the top of
the AAA helix.

For these reasons, we believe that the spiral structures are
off-pathway conformations that are slightly distorted from the
authentic translocating conformation. The main distinction
being that in the translocating conformation subunit F main-
tains contacts with both subunits A and E. We propose that
multiple AAA unfoldases, including members of the meiotic
clade discussed herein, translocate their substrates using the
hand-over-hand mechanism described in the legend to Fig. 6.
In this manner, tubulin subunits can be translocated through
the spastin pore, starting from their flexible and exposed C-ter-
minal residues and progressing into their folded microtubule-
forming N-terminal domains, thereby facilitating microtubule
remodeling.

Experimental procedures

Peptides

The unlabeled (EY)5 peptide and the tubulin peptides labeled
with an N-terminal fluorescein at greater than 98% purity were
purchased from GenScript. The labeled (EY)5 peptide with an
N-terminal fluorescein was synthesized by the University of
Utah Health Sciences Center Core Facility in DNA/Peptide
Synthesis at 98% purity. The labeled E8 peptide was synthesized
on a Gyros Peptide Technologies Prelude X automated peptide
synthesizer using standard Fmoc (N-(9-fluorenyl)methoxycar-
bonyl) solid-phase peptide synthesis methods and purified by
C18 RP-HPLC to �95% purity. In all cases, the fluorescein was
covalently linked to the N-terminal amine and the C terminus

was capped as a carboxyamide. The N terminus of the unla-
beled (EY)5 peptide was capped by acetylation. All peptide iden-
tities were all confirmed by MS.

Protein expression and purification

The spastin expression plasmid has been submitted to the
Addgene plasmid repository (plasmid ID 128794). Spastin was
expressed in E. coli BL21(DE3)RIL from a pGEX-based vector
with a cleavable N-terminal GST tag. Expression cultures were
grown in ZY autoinduction media at 37 °C to A600 	 0.5 and
then at 19 °C for 16 h (35). Cells were harvested by centrifuga-
tion and stored at �80 °C. Cell pellets were thawed and resus-
pended in lysis buffer (50 mM Tris/HCl, pH 8.0, 350 mM NaCl,
5 mM MgCl2, and 1 mM DTT) supplemented with protease
inhibitors (phenylmethylsulfonyl fluoride, Biosynth; leupeptin,
Roche; pepstatin A and aprotinin, GoldBio), DNase I (0.01
mg/ml), and lysozyme (1 mg/ml). After incubation on ice for 30
min, cells were re-frozen in liquid N2 and thawed again. The cell
lysate was clarified by centrifugation, and the resulting super-
natant was filtered using a 0.45-�m filter and loaded onto a
GSH column that was pre-equilibrated with lysis buffer. Fol-
lowing a wash with 150 ml of lysis buffer, GST-tagged spastin
was eluted with lysis buffer containing 10 mM reduced GSH.
The GST tag was cleaved by incubation with 1 mg of precision
protease during dialysis against 25 mM Tris/HCl, pH 8.0, 150
mM NaCl, 1 mM EDTA, and 1 mM DTT overnight at 4 °C. The
sample was then bound to a 5-ml HiTrap SP ion exchange col-
umn equilibrated with buffer A (25 mM Tris/HCl, pH 8.0, 150
mM NaCl, 5 mM MgCl2, and 1 mM DTT) and was eluted with a
gradient of 0 –50% buffer B (25 mM Tris/HCl, pH 8.0, 1 M NaCl,
5 mM MgCl2, 1 mM DTT) over a 500-ml volume. Fractions
containing spastin were pooled, concentrated to 5 ml, and fur-

Figure 7. Comparison of ring and spiral configurations of katanin. A, top and side views of the katanin ring structure (PDB 5WCB). The human spastin
structure described herein, and Vps4 (12) are essentially identical. B, schematic representation of the side view of the ring structure. C, top and side views of the
katanin spiral structure (PDB 5WC0) structure (24). The D. melanogaster spastin structure (25) is essentially identical. D, schematic representation of the side
view of the spiral structures. The ring and spiral configurations are essentially identical to each other over the red-blue subunits, and vary only in the position
of the magenta subunit.
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ther purified by gel filtration into 20 mM HEPES/NaOH, pH 8.0,
150 mM NaCl, 5 mM MgCl2, and 1 mM DTT using a 120-ml
Superdex 200 column (GE Healthcare Life Sciences). Spastin
protein identity was confirmed by MS (calculated mass 	
54,708.8 Da, experimental mass 	 54,708.3 Da).

Fluorescence polarization binding assay

Labeled peptides (1 nM) were incubated at room temperature
with spastin (0 – 60 �M subunit concentration) in binding
buffer (20 mM HEPES/NaOH, pH 8.0, 150 mM NaCl, 1 mM

ADP�BeFx, 5 mM MgCl2, and 1 mM DTT) in a total volume of 60
�l. After attaining equilibrium, parallel and perpendicular fluo-
rescence intensities were measured on a Biotek Synergy Neo
HTS microplate reader using an excitation wavelength of 485
nm and an emission wavelength of 528 nm. The fluorescence
polarization was plotted against the spastin hexamer concen-
tration and the dissociation constants were estimated by global
fitting of the equation FP 	 [spastin hexamer]/(KD � [spastin
hexamer]) to data points from four independent experiments,
where FP is the normalized fluorescence polarization or “frac-
tion bound,” using GraphPad Prism 8.

Sample preparation and EM data collection

Purified spastin (final concentration 10 �M) was incubated
on ice for 1 h with unlabeled peptide (EY)5 (final concentration
20 �M) in the presence of 1 mM ADP�BeFx. The protein-pep-
tide complex was then cross-linked using glutaraldehyde (final
concentration 0.01%), followed by concentration and purifica-
tion by gel-filtration using a Superose 6 Increase column (GE
Healthcare Life Sciences). An aliquot (3.5 �l) of the purified
cross-linked spastin sample (diluted to 1 �M hexamer con-
centration) was applied to a glow-discharged (25 mA, 25 s)
Quantifoil 1.2/1.3 holey carbon 400-mesh copper grid, and
plunge frozen in liquid ethane using a Vitrobot Mark III set
to 4 °C, 100% relative humidity, �1 mm offset, and 8-s blot-
ting time.

Electron cryomicrographs were collected at the University
of Virginia Molecular Electron Microscopy Core using a
Titan Krios electron microscope (ThermoFisher) operating
at 300 kV. A total of 1,200 movies were recorded at defocus
values from �1.5 �m to �2 �m using a Falcon 3EC detector
operating in counting mode, with two movies per hole. Each
exposure lasted 90.77 s, which was collected as a 49-frame
movie using a total electron dose of 57 e/Å2, and a pixel size
of pixel size 1.056 Å.

Single particle image analysis

Unless indicated, image processing was performed using the
RELION 3.0 software suite (36). Beam-induced movement was
corrected over all movie frames using Relion_MotionCorr (37).
CTF parameters were determined on nondose-weighted sums
using GCTF.v.1.06 (38). Images with poor defocus, astigma-
tism, resolution, and CtfFOM were excluded from further anal-
ysis, yielding a total of 1,173 images for subsequent image pro-
cessing. Laplacian picking of micrographs generated initial
particle images that were subjected to 2D classification. Three
distinct classes were used as a template to autopick the entire
data set. A total of 1,021,617 particles were extracted using a

box size of 256 pixels. After multiple rounds of full CTF-cor-
rected 2D classification, 438,336 particles were used to generate
an initial model for 3D classification. One class, containing
129,402 particles, was used for autorefinement, which indicated
a resolution of 4.3 Å (FSC 	 0.143) as calculated from indepen-
dent 1⁄2-map reconstructions (33). Subsequent rounds of per
particle CTF refinement and motion correction followed by a
round of 3D classification reduced the particle count to
119,984. A final round of autorefinement and post processing
using a full-structure soft mask (hexamer of ATPase cassettes)
yielded a map with an average “gold-standard” resolution of 4.2
Å using a B-factor sharpening factor of �147 Å2. Local resolu-
tion was estimated using an automated procedure in RELION
(39). Half-map and map-model FSC validation was performed
using PHENIX.mtriage version 1.17 (40)

Model building, refinement, and validation

Model building and refinement followed the same approach
we used for previously reported Vps4 structures (12). Briefly,
six copies of a spastin crystal structure (PDB code 5Z6Q) (41)
were docked into the 4.2-Å map as rigid bodies using UCSF
Chimera (42). The missing features of the model, including
pore loop 1 and pore loop 2 of subunits A–E, and the peptide,
were built using Coot (43).

Subunits A to E (excluding residues 541–543 and 555–596 of
subunit E) and the substrate were subjected to real-space
refinement using Phenix (40). (Subunit F and residues 541–543
and 555–596 of subunit E were not refined beyond rigid body
docking due to the low local resolution.) Secondary structure
restraints were applied during refinement. NCS restraints were
applied to spastin subunits A–E, except for residues 468 – 480
of subunit A, which appeared to adopt a distinct conformation.
For subunits A, B, C, and D, the distance between the beryllium
and the O3B of ADP was restrained to 1.6 Å, and the distance
between Mg2� and F1 of BeF3 was restrained to 2.0 Å. Structure
validation used Molprobity (44), EMRinger (45), and 3D FSC
(46).

Electrostatic potential fields were calculated using PDB
2PQR (47) at pH 7.2 using the AMBER forcefield and APBS
(48), and texture-mapped to the molecular surface using Chi-
mera (42). Molecular graphics figures and video were generated
using Chimera.

The sharpened (B-factor �147 Å2) (EMD-20327) and un-
sharpened (EMD-20805) maps were deposited at the EMDB.
Coordinate models were deposited to the PDB: a refined
model comprising subunits subjected to atomic refinement
(PDB 6PEK) and a comprehensive model that also includes
subunit F and other segments that were fitted as rigid bodies
(PDB 6PEN).
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