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In humans, the AAA superfamily (ATPases associated with diverse 
cellular activities) has ~100 proteins whose functions have been 
linked to a wide range of cellular processes, including cell division, 

cytoskeleton organization, and organelle biogenesis1. As AAA pro-
teins carry out functions that can occur within minutes to seconds, 
chemical probes that inhibit their activities in cells on similarly fast 
timescales can be valuable tools to dissect dynamic mechanisms2. 
Currently, we have well-characterized selective chemical probes 
for only a handful of AAA proteins, such as dynein, a microtubule-
based motor protein, midasin, a ribosome biogenesis factor, and 
valosin-containing protein (VCP), a regulator of ubiquitin-depen-
dent proteolysis3–6. However, chemical inhibitors of most AAA pro-
teins are not available.

Spastin, fidgetin, and katanin are AAA proteins closely related at 
the level of sequence and are collectively referred to as microtubule-
severing enzymes7. Biochemical assays have shown that spastin and 
katanin can sever microtubules into smaller filaments in an ATP-
hydrolysis-dependent manner8,9. On the basis of these findings, 
models have been proposed for how microtubule-severing enzymes 
contribute to the assembly, disassembly, or maintenance of micro-
tubule-based structures in axons and dendrites, primary cilia, and 
dividing cells10. In addition, recent studies have suggested a role for 
spastin in the biogenesis and function of the nuclear envelope and 
membrane organelles, such as lysosomes and endosomes11–13. Thus 
far, the only chemical proposed to target a microtubule-severing 
enzyme in cells is a purine-based compound that can pull-down 
katanin from cellular lysates14. However, the direct and specific inhi-
bition of katanin by this compound has not been demonstrated14, 
and it is unclear how useful chemical probes for microtubule-sever-
ing proteins can be developed.

In principle, chemical inhibitors of AAA proteins can be identi-
fied that target either the nucleotide-binding site or an allosteric 
site. An allosteric inhibitor-binding site has been characterized 
for VCP and the vacuolar protein sorting-associated protein 
4 (VPS4)15,16. However, it is unclear whether an equivalent site 
exists in microtubule-severing other AAA proteins. Targeting the 

nucleotide-binding site could represent a more general strategy; 
however, designing selective nucleotide-competitive inhibitors of 
AAA proteins is challenging for at least three reasons. First, the 
active site is conserved across the AAA superfamily17. Second, this 
site in AAA proteins can undergo activity-associated conforma-
tional transitions that substantially alter its overall shape18. Third, 
we lack structural data for any eukaryotic AAA protein bound to 
a nucleotide-competitive inhibitor. These data can be crucial for 
structure-based inhibitor design19.

It is now emerging that analyses of resistance-conferring muta-
tions can help establish the direct physiological targets of chemical 
inhibitors20–22. When these mutations do not disrupt protein activity,  
they can also be introduced in cells to systematically examine on-
target and off-target activities of chemical inhibitors22. On-target 
inhibitor phenotypes can be identified as those observed in cells 
expressing the wild-type protein but not in those expressing the 
allele with the resistance-conferring mutation22. For these reasons, 
resistance-conferring mutations could also be useful during the 
early steps of inhibitor development when unoptimized compounds 
(for example, screening hits), without robust models for inhibitor–
target interactions or data on off-target effects, need to be evaluated. 
Thus far, resistance-conferring mutations have been typically iden-
tified using genetics-based screens that rely on selection of growth 
in tractable systems, as has been the case for cytotoxic chemical 
inhibitors of AAA proteins5,23. However, identifying mutations  
in AAA proteins that do not impair function but confer inhibitor 
resistance can be challenging.

Here we use protein structure and sequence analyses to design 
mutant alleles of spastin that retain ATPase activity. Testing 
selected heterocyclic scaffolds against wild-type protein and con-
structs with these mutations, along with computational docking, 
helped design spastazoline, a pyrazolyl-pyrrolopyrimidine-based 
inhibitor of spastin. In addition, we identified a spastazoline-resis-
tance-conferring point mutation in spastin. Spastazoline-induced 
phenotypes were examined in cells expressing either wild-type 
spastin or an allele with a resistance-conferring point mutation. 
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Together, these studies reveal how spastin-specific cell division 
phenotypes can be analyzed using chemical probes and cognate 
resistance-conferring mutations.

Results
Mutant alleles of spastin that retain ATPase activity. To design 
mutant alleles of spastin, we focused on the nucleotide-binding 
pocket. We selected Drosophila melanogaster spastin (hereafter 
Dm-spastin), as it is a biochemically well-characterized micro-
tubule-severing enzyme24. We first compared the sequences of 
the AAA domains in Dm-spastin and four related AAA proteins: 
human fidgetin-like protein 1 (Hs-FIGL1), human pachytene 
homology-like protein 2 (Hs-PCH2), mouse VCP (Mm-VCP, 
which has two AAA domains and is identical to the human protein),  
and Xenopus laevis katanin (Xl-katanin) (Supplementary Fig. 1a,b). 
These proteins were selected as recombinant forms of either their 
AAA domains or constructs with ATPase activity had been previ-
ously reported25–27. Using available structural data (Dm-spastin, 
Hs-FIGL1, and Mm-VCP)15,24,28 or homology-based models 
(Hs-PCH2 and Xl-katanin; see Methods for details), we identified 
residues that were likely to be within ~6 Å of adenine (Fig. 1a,b). 
These residues are located in five structural motifs of the AAA 
domain, named the amino (N)-terminal loop (N-loop), the phos-
phate-binding loop (P-loop), the hinge motif, helix 4, and the  
sensor-II motif1 (Supplementary Fig. 1c).

As expected for a conserved active site, most of these residues 
are invariant across the five AAA proteins examined. However, 
we noted four amino acid positions—one in the N-loop, one in 
the P-loop, and two in the sensor-II motif—that have diverged 
significantly (Fig. 1b). These residues, which we name ‘variability 
hot-spot’ residues, contribute in large part to the sequence varia-
tion in these nucleotide-binding motifs across the AAA proteins 
(Supplementary Fig.  1d). Sequence alignment of the five struc-
tural motifs of the nucleotide-binding site in 24 AAA domains 
indicates that these variability hot-spot residues can be identi-
fied across this protein superfamily (Supplementary Fig.  1e,f). 
We hypothesized that a residue at a variability hot-spot position 
could be replaced with a residue from the equivalent position in a 
related AAA protein, to obtain an active-site mutant that retains 
enzymatic activity.

To test this hypothesis, we generated recombinant constructs of 
wild-type Dm-spastin and Dm-spastin carrying mutations at the 
variability hot-spot residues, and characterized their steady-state 
ATP-hydrolysis activity (Fig. 1c–e and Supplementary Fig. 1g,h). In 
addition to the wild-type protein, five of the six mutant constructs 
were active (Fig. 1d,e and Supplementary Fig. 1h provide additional 
enzyme activity parameters). Only one construct, with a mutation at 
a sensor-II variability hot-spot residue (S689R), yielded an inactive 
recombinant protein (Fig. 1e). Dm-spastin had a catalytic activity  
(kcat) of ~3 s−1 (Fig. 1f). The five active mutants had kcat values within 
~1.5-fold of the wild-type protein, ranging from ~2 s−1 for the 
N527T mutant to ~4 s−1 for the S689A mutant (Fig. 1f). The ATP 
concentrations required for half-maximal enzymatic velocity (K1/2) 
were also within a narrow range, from ~0.1 mM (wild type, Q488V, 
and N527T) to ~0.4 mM (S689A) (Fig.  1g). Together, these data 
indicate that swapping variability hot-spot residues can yield AAA 
protein alleles that retain catalytic activity.

A starting chemical scaffold to design spastin inhibitors. To 
find chemical starting points for the design of spastin inhibitors, 
we examined conserved features of the nucleotide-binding site. We 
noted a pattern of two hydrogen bonds between the adenine and 
the backbone of a residue in the N-loop in several AAA proteins 
(for example, A404 in FIGL1 (PDB: 3D8B); G480 in VCP (PDB: 
5FTK); Supplementary Fig. 2a). Therefore, we selected and tested 
a collection of 33 chemically diverse kinase inhibitors, which are 

heterocyclic scaffolds that could mimic these hydrogen bonding 
interactions, against AAA proteins (Supplementary Table 1).

To profile the inhibitory activity and selectivity of these com-
pounds, we generated recombinant forms of Hs-FIGL1, Hs-PCH2, 
Mm-VCP, and Xl-katanin, and characterized their steady-state 
ATPase activities (Fig.  2a,b and Supplementary Fig.  2b–f). 
Consistent with other reports, we found K1/2 values for ATP hydro-
lysis to be in the high micromolar range3,26,29. Whereas the kcat var-
ied >50-fold (Mm-VCP: ~0.1 s−1; Xl-katanin: ~6 s−1; Supplementary 
Fig. 2d), the K1/2 values varied only ~3-fold (Hs-PCH2: ~150 µM; 
Xl-katanin and Mm-VCP: ~450 µM; Fig.  2b). For these enzymes, 
the range of K1/2 was comparable to what we found for the active 
Dm-spastin mutants, suggesting that variation in the hot-spot resi-
dues can account for differences in how these proteins interact with 
the nucleotide.

We next tested the selected compounds (10 µM) against 
Dm-spastin and the other four AAA proteins (Fig. 2c). While most 
compounds did not show appreciable inhibition of any of these 
enzymes, we identified two compounds, one with a 4-aminopyrazo-
lylquinazoline core (1) and the other with a 3,5-diamino-triazole 
core (2) that inhibited at least one AAA protein by >50% (0.5 mM 
ATP; Fig. 2d and Supplementary Table 1). Both compounds 1 and 2 
substantially inhibited the ATPase activity of Dm-spastin at 10 µM, 
and compound 1 also inhibited Hs-FIGL1 (Fig. 2c). We prioritized 
compound 1 for further studies here and will examine compound 2 
in subsequent work.

Dose-dependent analysis revealed that compound  1 inhibited 
Dm-spastin with potency in the micromolar range (Fig.  2e). To 
examine the structure–activity relationship against AAA proteins, 
we synthesized and tested compound 1 analogs with modifications of 
the substituents on the pyrazolylquinazoline core (10 µM; Fig. 2f–h,  
and Supplementary Table 2 shows additional synthesized analogs). 
We found that compound 3, in which a benzyl group replaces the 
phenylacetonitrile, more potently inhibited the activity of VCP 
compared with compound 1 (Fig. 2f,g). By contrast, compound 4, 
in which an N-methylpiperazine replaces the phenylacetonitrile 
and a phenyl replaces the cyclopropyl in the pyrazole ring, showed 
increased selectivity for Dm-spastin (Fig. 2f,h). Testing Dm-spastin 
inhibition by compound  4 across a range of ATP concentrations 
revealed increases in K1/2 at higher compound concentrations, but 
not substantial changes in kcat (Supplementary Fig. 2g,h), consistent 
with compound 4 binding to the Dm-spastin nucleotide-binding site.  
Together, these data suggest that the pyrazolylquinazoline scaf-
fold could provide a useful starting point for developing ATP-
competitive inhibitors of spastin.

A model for how compound  4 binds spastin. To examine how 
compound  4 binds spastin, we tested it against Dm-spastin con-
structs with mutations at the variability hot-spot residues. We found 
that the mutation in the N-loop (Q488V) reduced the potency of 4 
by ~20-fold (Fig. 3a), whereas the mutations in the P-loop reduced 
potency by ~3-fold (N527C) or >35-fold (N527T) (Fig.  3b). By 
contrast, mutations in the sensor-II motif led to ~2-fold reduction 
(T692A) or no substantial difference (S689A) in the potency of this 
inhibitor (Fig. 3c). These data suggested that the P-loop and N-loop 
variability hot-spot residues may interact with the inhibitor, and 
this information could be used to confirm or reject predictions from 
computational docking solutions.

Next, we used available Dm-spastin structural models to dock 
compound  4 into the spastin nucleotide-binding site24. Spastin 
structures reported to date do not have nucleotide bound, suggest-
ing that the crystallography models may not match the conforma-
tion that binds nucleotide-competitive inhibitors24,30. To generate 
additional spastin conformations, we used molecular dynamics 
simulations and computationally docked compound 4 in the nucle-
otide-binding site of each spastin conformer31 (see  Methods for 
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details). This method yielded four models with similar docking 
scores for how compound 4 and spastin may interact (Fig. 3d). In 
three of the four models, we noted adenine-like hydrogen-bonding 
interactions between the inhibitor aminopyrazole group and the 
backbone of Dm-spastin N-loop A486 (Supplementary Fig.  3a). 
However, only two of these docking poses had the inhibitor in close 
proximity to the variability hot-spot residues in the N-loop and 
the P-loop and were therefore consistent with the potency shifts 
observed in the mutant spastin constructs (poses 1 and 2; Fig. 3d 
and Supplementary Fig. 3a).

We reasoned that the two different docking solutions could arise 
as a result of the chemical equivalence of the benzene rings in the 
quinazoline and the pyrazolyl moieties. To distinguish between 
these two potential binding modes we designed modifications to 
effectively disrupt the symmetry of the inhibitor. In particular, we 
synthesized compound  5, in which the phenyl group in the pyr-
azolyl was replaced by a non aromatic tert-butyl group and the 

piperazine N-methyl group was shifted to the 2-position of the ring 
(Fig. 3e). Compound 5 inhibited Dm-spastin steady-state ATPase 
activity (~10-fold more potently than compound 4; Fig. 3f) and also 
blocked Dm-spastin-dependent microtubule severing (2 µM inhibi-
tor; Supplementary Fig. 3b–e).

Gratifyingly, docking analysis revealed only one favored pose for 
compound 5 bound to spastin (Fig. 3g). This model was also consis-
tent with the data obtained by testing mutant constructs (Fig. 3a,c).  
In this compound  5–spastin model, the quinazoline core is bur-
ied in the adenine-binding pocket within van der Waals distance 
to the N-loop and P-loop variability hot-spot residues, the pipera-
zine group is proximal to the sensor-II helix, and the aminopyrazole 
group establishes a network of hydrogen-bonding interactions with 
the backbone of the N-loop (Fig. 3g and Supplementary Fig. 3f).

Designing a selective inhibitor of human spastin. To develop a 
chemical probe for human spastin, we purified a recombinant form 
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of human spastin (hereafter, Hs-spastin; Supplementary Fig. 4a,b). 
Hs-spastin had similar ATPase activity relative to Dm-spastin 
(Supplementary Fig. 4c) and was inhibited by compound 5, albeit 
with reduced potency (IC50 = 4.4 ± 2.1 µM, 1 mM ATP; aver-
age ± s.d., n = 3; Fig. 4a).

The inhibitor–Dm-spastin model suggests that the hydrogen at 
the 8-position of the quinazoline ring of compound 5 would be in 

close proximity to the N386 side chain in human spastin (equiva-
lent to Dm-spastin N527; Fig. 3g). An asparagine residue is rarely 
found at the P-loop variability hot-spot position of AAA proteins 
(Supplementary Table 3). Therefore, we hypothesized that inhibitor 
potency and selectivity for spastin could be improved by optimizing 
the interaction with the N386 residue in Hs-spastin. We designed 
and synthesized an analog in which a pyrrolopyrimidine replaced 
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the quinazoline core of compound  5, as this would introduce an 
electropositive group in the position predicted to be proximal to 
the N386 side chain (compound 6; Fig. 4b,c). We found that com-
pound 6 inhibited Hs-spastin with ~30-fold improved potency with 
respect to compound  5 (Fig.  4a; IC50 = 132 ± 55 nM, 1 mM ATP; 
average ± s.d., n = 3). Computational docking analysis suggested 
two possible poses for compound  6 bound to spastin; however,  
a hydrogen-bonding interaction with the P-loop asparagine was 
possible in only one pose (Supplementary Fig. 4d).

As kinases are known targets of these chemical scaffolds32, we 
examined the activity of compound  6 against 64 human kinases. 
We found that compound 6 inhibited only four of the 65 kinases 
by >50% at ~15-fold the IC50 for Hs-spastin (2 µM, Supplementary 
Table  4). To reduce off-target activity, we compared the bind-
ing modes of compound  6 to spastin and to kinases using avail-
able structural for data inhibitor-kinase interaction. We observed 
that the piperazine ring of compound 6 is likely to be buried in the 
interior of the kinase pocket but is facing the bulk solvent in our 
inhibitor–spastin model (Supplementary Fig.  4e,f). Therefore, we 
synthesized compound  7 (Fig.  4c), hereafter named spastazoline, 
in which the 2-methyl in the piperazine group was modified to a 

3-isopropyl group so as to increase steric hindrance when interact-
ing with the kinase pocket without disrupting spastin binding. We 
found that spastazoline only inhibited one of the 65 kinases tested 
(NTRK1) by >50% (Supplementary Table 4). Importantly, spastazo-
line potently inhibited Hs-spastin (Fig. 4a; IC50 = 99 ± 18 nM; aver-
age ± s.d.; n = 3, 1 mM ATP) and did not appreciably inhibit any of 
the four related AAA proteins that we have characterized (10 µM; 
Fig. 4d). Together, these data suggest that spastazoline could be a 
useful chemical probe for human spastin if potential off-target 
effects can be systematically addressed.

We hypothesized that a mutation at N386 would disrupt the spas-
tin–inhibitor interaction and confer resistance to spastazoline. We 
purified a recombinant Hs-spastin construct with a N386C mutation 
(equivalent to the N527C mutation in Dm-spastin) and found that 
the ATPase activity of this mutant construct was comparable to that 
of wild-type Hs-spastin (Supplementary Fig. 4a–c). As predicted by 
our model, spastazoline inhibited Hs-spastin-N386C >100-fold less 
potently than the wild-type protein (Fig. 4e). Additionally, we found 
that spastazoline did not appreciably stabilize the Hs-spastin-N386C 
mutant against thermal-induced denaturation (ΔTm: ~1.5 °C at 
200 µM; Fig. 4f and Supplementary Fig. 4g), whereas it considerably  
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stabilized the wild-type construct (ΔTm: ~6.0 °C; Fig.  4f and 
Supplementary Fig.  4h). Together, these data indicate that our 
approach not only led to a potent chemical inhibitor of spastin,  
but could also identify resistance-conferring mutations.

Probing spastin function during cell division. To probe spastin 
cellular functions using spastazoline, we focused on the M87e4 
spastin (containing the alternatively spliced exon 4), the most abun-
dant spastin isoform in human cells33 (Supplementary Fig. 5a). As 
the N386C mutation suppresses spastazoline binding in biochemi-
cal assays, we generated two HeLa cell lines in which green fluo-
rescent protein (GFP)-tagged spastin M87e4, either the wild-type 
(HeLa-WT) or mutant allele (HeLa-N386C), were introduced using 
the Flp-In T-REx system. We found that these transgenes were 
expressed at comparable levels (Supplementary Fig. 5a–c).

To examine spastin-dependent inhibitor-induced phenotypes, 
we focused on cell division. RNAi-mediated spastin knockdown 
has been shown to disrupt disassembly of the intercellular bridge, 
a membrane- and microtubule-based structure that connects 
daughter cells during the final stage of cell division34 (Fig. 5a). To 
readily identify intercellular bridges, which are enriched in tubu-
lin post-translational modifications associated with stable micro-
tubules, we imaged acetylated tubulin using immunofluorescence 
microscopy (Fig.  5b). Treating HeLa-WT cells with spastazoline 
for 4.5 h (10 µM) resulted in a ~2-fold increase in the number of 
cells with intercellular bridges compared with DMSO control 
(25.2 ± 1.4% versus 13.9 ± 0.6%; n = 3, average ± s.d.; Fig.  5c and 
Supplementary Fig. 5d). Importantly, in HeLa-N386C treated with 
spastazoline, the number of cells with an intercellular bridge was 
similar to that observed in the DMSO control (13.6 ± 1.4% versus  
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12.7 ± 1.3%, n = 3; average ± s.d.; Fig.  5c and Supplementary 
Fig. 5e). Spastazoline treatment (10 µM) did not impact the viabil-
ity of HeLa cells (Supplementary Fig. 5f) and also did not result in 

overt changes in the organization of microtubules (Supplementary 
Fig. 5g). Furthermore, spastazoline did not inhibit ATPase activity 
of a recombinant human VPS4 (Supplementary Fig. 5h,i), another 
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AAA protein required for intercellular bridge disassembly35. 
Together, these data indicate that spastazoline inhibits intercellular 
bridge disassembly by interfering with spastin activity, as the inhibi-
tor-dependent phenotype was observed in wild-type cells but not in 
cells expressing the inhibitor resistance-conferring allele of spastin.

During anaphase the nuclear envelope is rapidly, within min-
utes, reformed around daughter nuclei36 (Fig.  5d). RNAi knock-
down studies have revealed a role for spastin in nuclear envelope 
reformation13. To examine the effects of spastazoline during nuclear 
envelope reformation, we tracked GFP–spastin dynamics in divid-
ing HeLa-WT cells. We found that GFP–spastin accumulated at 
chromatin within 2–4 min after cleavage furrow ingression initia-
tion (Fig. 5e,h). This signal was lost within ~10 min. These local-
ization dynamics suggest that spastin dissociates as the nuclear 
envelope reassembles.

Imaging HeLa-WT cells in anaphase treated with spastazoline 
(10 µM for 1 h) also revealed GFP–spastin puncta on chromosomes 
(Fig. 5f). Remarkably, spastin puncta persisted for several minutes 
compared with DMSO controls (Fig. 5f,h). Even 20 min after the ini-
tiation of cleavage furrow ingression, the spastazoline-treated cells 
had a higher number of GFP–spastin puncta than the controls (44 ± 9 
versus 5 ± 2, respectively; average ±s.e.m.; Fig. 5h). Imaging HeLa-
N386C cells, which express spastazoline-resistant spastin, revealed 
the recruitment of mutant spastin to anaphase chromosomes with 
similar kinetics to that of wild-type cells (Supplementary Fig. 5j).  
However, treatment with spastazoline did not substantially alter 
spastin dynamics in anaphase HeLa-N386C cells (Fig. 5g). In par-
ticular, the number of observed GFP–spastin dots 20 min after 
cleavage furrow ingression was comparable to that of controls 
(8 ± 3; 1.6-fold increase with respect to wild type, average ±s.e.m., 
Fig. 5g,h). Together, these data are consistent with a model in which 
spastin activity and localization dynamics contribute to nuclear 
envelope reformation during anaphase.

Discussion
Here we report the design of spastazoline, an ATP-competitive 
chemical inhibitor of human spastin. We also identify a cognate 
resistance-conferring mutation in human spastin that, together with 
spastazoline, can be used to probe spastin’s function in dynamic  
cellular processes.

Current models indicate that spastin and the endosomal sort-
ing complex required for transport (ESCRT)-III, to which spas-
tin binds37, coordinate microtubule disassembly with membrane 

constriction and fusion events during nuclear envelope reforma-
tion13,38. Our data suggest that inhibition of spastin activity prob-
ably suppresses microtubule severing and thereby impairs spastin 
dissociation and the loss of ESCRT-III from the sites of membrane 
constriction. RNAi-based knockdown of VPS4 or the ESCRT-III 
protein, CHMP2A, results in DNA damage associated with com-
promised nuclear envelope integrity13. Consistent with these obser-
vations, we suggest that disrupting spastin activity could also result 
in DNA damage due to defects in nuclear envelope reformation.

Cells depleted of spastin also show defects in the assembly, main-
tenance, and dynamics of intracellular membrane organelles such 
as endosomes and lysosomes11,12. As the effects of chronic spastin 
depletion probably accumulate over several hours, the ability to 
control spastin activity on much faster timescales with spastazoline 
would be useful to examine intracellular trafficking of membrane 
organelles. Mutations in the spastin gene are linked to inherited neu-
rodegenerative conditions called hereditary spastic paraplegias39,  
and targeting spastin has been proposed as a therapeutic strategy 
for Alzheimer’s disease40. In post-mitotic neurons, DNA damage 
associated with spastin inhibition is not likely, and therefore phar-
macological inhibition of spastin in models for neurodegenerative 
diseases should be further explored. Spastazoline is also likely to be 
a valuable tool for these studies.

A critical step in our inhibitor-design approach is identify-
ing amino acids in the target protein that can be mutated to alter 
the shape and electrostatics of the inhibitor-binding site, without 
substantially disrupting the protein’s activity (Fig.  6). In the case 
of spastin, we find that variability hot-spot residues in the nucle-
otide-binding pocket can be swapped to introduce mutations to 
generate alleles that retain biochemical activity. Variability hot-spot 
mutations that reduce inhibitor potency are likely to identify direct 
inhibitor–target interactions and can be used to optimize compound 
potency and selectivity. Testing compounds against wild-type and 
mutant alleles can help select the most likely inhibitor–target bind-
ing mode from the solutions yielded by computational docking 
methods (Fig. 6).

We speculate that selective chemical probes for AAA proteins 
could be designed by engineering interactions with unique combi-
nations of variability hot-spot residues. The core structures of com-
pounds that bind conserved structural features of ATPases can be 
used as starting scaffolds to which different chemical groups may 
be added to contact the variability hot-spot residues in the target 
AAA protein. For instance, pyrazolyl-heterocycle-based scaffolds 
are likely to be valuable starting points for developing inhibitors 
of katanin, a microtubule-severing AAA protein closely related to 
spastin. In katanin the P-loop and N-loop variability hot-spot resi-
dues are threonine and leucine, respectively, compared with aspara-
gine and glutamine at equivalent sites in spastin, and engineering 
contacts with these residues could lead to katanin-specific chemi-
cal probes. For AAA proteins in which the shape of the nucleotide-
binding site and the variability hot-spot residues diverge more 
substantially from spastin, other core scaffolds may be needed. 
Mutant AAA protein alleles can be generated, and their inhibition 
by these scaffolds could be tested to develop models for inhibitor–
target binding and guide compound optimization. These analyses 
would also help identify cognate inhibitor resistance-conferring 
mutations that can be used along with the inhibitor to decipher 
target-specific phenotypes in cells (Fig. 6).

In principle, the mutagenesis-based approach we used to develop 
spastazoline could help design inhibitors of targets for which high-
resolution structural data for inhibitor–protein interactions are not 
readily available, or the inhibitor-bound conformation states are 
not known. Additional studies will be needed to determine whether 
variability hot-spot residues can be identified and swapped to design 
functionally silent mutations for protein–protein interactions or 
other nonenzymatic sites that can be targeted by chemical inhibitors.  
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Fig. 6 | Engineering ‘silent’ mutations to generate models for inhibitor–
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Identifying and analyzing resistance-conferring mutations at an 
early stage of inhibitor design may also help develop chemical thera-
peutics against which resistance is less likely to arise.

online content
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Methods
Plasmids. Human (Hs-spastin) and D. melanogaster spastin (Dm-spastin) 
vectors. Hs-spastin can be expressed as at least four isoforms (M1 with exon 4, M1 
without exon 4, M87 with exon 4, and M87 without exon 4)41. Vectors for mutant 
constructs were generated by site-directed mutagenesis (QuikChange XL Kit, 
Agilent, catalog no. 200517). Incorporation of the desired mutations was verified 
by Sanger sequencing.

The wild-type (WT, isoform M87 with exon 4, with N-terminal HA- and 
EGFP-tags) spastin plasmid used to generate cell lines was a gift from C. 
Campsteijn (Oslo University Hospital). Wild-type and mutant spastin M87e4 
open reading frames were subcloned into the pcDNA 5.0/FRT/TO vector 
(ThermoFisher) using HindIII and NotI restriction sites. The complementary DNA 
sequence for Hs-spastin (residues 229–616, numbered according to NCBI RefSeq: 
NP_055761.2) used for protein expression was PCR amplified from the ORFeome 
collection (Dharmacon) and cloned into a pGEX-6P1 vector using BamHI and 
NotI restriction sites.

The vector (pDEST15-spastin-D.melanogaster) used for Dm-spastin expression 
was a gift from A. Roll-Mecak (NIH) and had been previously used in ref. 24.  
We note that in this construct, consisting of residues 209–758, there is a deletion  
at residues 311–372 (corresponding to exon 3 of Drosophila spastin). However,  
the overall residue numbering used is that for full-length Dm-spastin isoform  
A (Uniprot: Q8I0P1), as in previous publications24.

Xenopus laevis katanin vector. MAL-c5x-X.laevis p60 (full length, NCBI RefSeq: 
NP_001084226.1) was a gift from R. Heald (UC Berkeley).

Mus musculus VCP vector. pQE9-His-p97 (identical to Homo sapiens VCP protein, 
full length, NCBI RefSeq: NP_009057.1, Ile206Val variant) was obtained from 
Addgene (G. Warren, plasmid #14666).

Homo sapiens PCH2 vector. The cDNA for Hs-PCH2 (full length, NCBI RefSeq: 
NP_004228) was PCR amplified from the ORFeome collection and cloned using 
the ApaI and AscI restriction sites into a pDEST15 vector.

Homo sapiens FIGL1 vector. The cDNA for Hs-FIGL1 (residues 288–674,  
NCBI RefSeq: NP_001036227.1) was PCR amplified from the ORFeome  
collection and cloned into a pDEST15 vector using the ApaI site and InFusion 
technology (Clontech).

Homo sapiens VPS4B vector. The cDNA for the sequence Hs-VPS4B (full length, 
NCBI RefSeq: BC039574.1) was PCR amplified from the ORFeome collection and 
cloned using the NdeI and EcoRI restriction sites into a pET-SUMO vector.

Cell lines, cell culture, and viability analyses. Cells expressing wild type- or 
mutant-tagged spastin M87e4 were generated using the T-REx HeLa Flp-In cell 
line according to the vendor’s protocols (ThermoFisher). Genomic DNA was 
extracted from cells using the DNeasy Blood and Tissue kit (Qiagen), insertions 
were PCR amplified and sequenced. Cells were cultured in DMEM (ThermoFisher) 
supplemented with 10% (v/v) FBS (Sigma-Aldrich), l-glutamine (2 mM; Thermo 
Fisher), hygromycin B (250 µg ml−1) and blasticidin (20 µg ml−1) at 37 °C and 5% 
CO2. Cells were confirmed to be mycoplasma free using a PCR-based method42.

For western blotting, cells were cultured with or without doxycycline 
(1 µg ml−1 for 24 h) before lysis at 4 °C. The following antibodies were used: mouse 
monoclonal anti-spastin (1:750; Sp6C6; Abcam) and goat polyclonal anti-GAPDH 
(control, 1:1,000; V-18; Santa Cruz). Membranes were imaged using a LI-COR 
Odyssey Infrared Imager. Cell viability assays were conducted using a CellTiter-
Glo Luminescent Cell Viability Assay (Promega) according to the manufacturer 
recommendations. The luminescence signal was quantified using a Synergy NEO 
Microplate Reader.

Microscopy. Live-cell imaging. HeLa-WT and N386C cells were grown on 22 mm 
× 22 mm coverslips and mounted in a custom Rose chamber in 10% FBS in L-15 
media without phenol red (Invitrogen) and maintained at 35–37 °C. For inhibitor 
treatment, cells were incubated with spastazoline for 40 min before mounting  
and imaging.

Confocal GFP fluorescence micrographs were acquired using a Nikon TE2000 
microscope (Morrell Instruments), with a 100× objective (Plan Apo, 1.45 NA), 
a Yokogawa CSU10 confocal head, and an EMCCD Photometrics Cascade II 
512B camera (Roper Scientific). For the detection of GFP–spastin dots, the FIJI43 
ComDet v.0.3.7 plugin was used (https://github.com/ekatrukha/ComDet), which 
detects particles by applying a two-dimensional Gaussian Mexican hat filter to 
the original image, which was followed by thresholding, finding of maxima, 
segmentation, and centroid calculation. The quality of the automated detection  
was visually checked. This plugin was used to detect particles >2 pixels with  
a signal-to-noise ratio ranging from 1.05 to 3.

Immunofluorescence analyses. Cells were plated on acid-washed coverslips (#1.5; 
Fisher brand catalog no. 12-545-81) coated with poly-d-lysine hydrobromide 
(Sigma, catalog no. P6407) and cultured for 24–48 h before fixation.

For intercellular bridge analyses, spastin expression was induced (1 µg ml−1 
doxycycline for ~24 h), and cells were treated with 10 µM spastazoline or 0.1% 
DMSO (solvent control) for 4.5 h and then fixed at 37 °C, using 0.5% (w/v) 
glutaraldehyde in PBS for 10 min. Coverslips were washed with PBS, incubated 
with a solution of 0.1% NaBH4 for 10 min, and blocked (blocking buffer: 2% bovine 
serum albumin, 0.1% (w/v) sodium azide, and 0.1% Triton X-100 in Tris-buffered 
saline) for 60 min. Cells were stained with mouse monoclonal anti-acetylated 
tubulin (Sigma catalog no. T7451; 1:1,000 dilution) for 2 h and with Texas-Red 
conjugated anti-mouse secondary antibody (Jackson Immunoresearch; catalog no. 
715-075-020; 1:2,000 dilution) for 60 min. DNA was stained with Hoechst 33342 
(ThermoFisher, catalog no. H1399).

For intercellular bridge quantification, 5 × 5 fields of view were acquired  
using a 40× objective (Plan Fluor, 0.6 NA) and stitched together into ~905 µm2 
images using NIS-Elements. The number of cells and intercellular bridges were 
detected manually.

For three-dimensional imaging of fixed cells, we used a DeltaVision Image 
Restoration Microscope (Applied Precision) with an Olympus IX-70 base and Resolve 
3D softWoRx-Acquire acquisition software (v: 6.5.2, Release RC1). Z-stacks were 
collected with a 0.25 µm step size and images were deconvolved using softWoRx.

For microtubule staining, cells were treated with 10 µM spastazoline or 0.1% 
DMSO (solvent control) for 4 h and then fixed at 37 °C using 4% formaldehyde in 
100 mM PIPES, 10 mM EGTA, 1 mM MgCl2, and 0.2% Triton X-100, pH 6.9 for 
10 min. Coverslips were blocked (blocking buffer) for 45 min before staining with 
anti-α-tubulin-FITC antibody (DM1A, Sigma, catalog no. F2168; 1:2,000 dilution). 
Confocal fluorescence images were acquired as Z-stacks with 0.3 µm step size using 
a Nikon TE2000 microscope with a 100× objective (Plan Apo, 1.45 NA).

Biochemical assays. Recombinant protein expression. Recombinant proteins were 
expressed in Escherichia coli Rosetta (DE3) pLysS cells (Merck, catalog no. 70954) 
grown in Miller’s LB medium (LMM, Formedium, catalog no. LMM105). For all 
constructs, protein expression was induced at A600 = 0.6–0.8 with 0.5 mM IPTG 
(Goldbio). The cultures were grown at 18 °C for 12–16 , pelleted, and resuspended 
in lysis buffer (buffer A, see below). All subsequent purification steps were 
performed at 4 °C. Cell lysis was carried out using an Emulsiflex-C5 homogenizer 
(Avestin, 5–6 cycles at 10,000–15,000 psi). The homogenized lysate was centrifuged 
at 40,000 r.p.m. for 45–60 min using a Ti45 rotor in a Beckman Coulter Optima 
LE-80K ultracentrifuge. All recombinant proteins were purified using multistep 
strategies, involving combinations of affinity, ion exchange, and size-exclusion 
chromatography. Specific buffers and purification conditions, optimized for  
yield and specific activity, are summarized.

Dm-spastin wild type and mutants. Buffer A: PBS, 10 mM MgCl2, 1 mM PMSF, 
20 U ml−1 benzonase, and cOmplete EDTA-Free Protease Inhibitor Cocktail. Buffer 
B1: 50 mM Tris–HCl, 500 mM KCl, 10 mM MgCl2, 5 mM DTT, pH 7.5. Buffer 
B2: 50 mM Tris–HCl, 300 mM NaCl, 10 mM MgCl2, 5 mM DTT, 20 mM reduced 
glutathione, pH 8.0. Buffer C: 50 mM Na-MES, 10% (w/v) glycerol, 10 mM MgCl2, 
5 mM DTT, pH 6.5. Buffer D: 50 mM Na-MES, 2 M NaCl, 10% (w/v) glycerol, 
10 mM MgCl2, 5 mM DTT, pH 6.5. Buffer E: 20 mM K-HEPES, 300 mM NaCl, 
10 mM MgCl2, 5 mM DTT, 15% (w/v) glycerol, pH 7.5.

Conditions. Briefly, the clarified lysate containing GST–Dm-spastin was incubated 
with a GSTrap 4B matrix (GE Healthcare) and eluted in Buffer B2. The protein 
solution was incubated with PreScission protease (0.1 mg ml−1) for 8–12 h, diluted 
1:2.5 with Buffer C and loaded into a CaptoS cation exchange column (GE 
Healthcare) equilibrated in 95% Buffer C and 5% Buffer D. Fractions eluted from 
the ion exchange chromatography column were pooled, concentrated tenfold with 
an Amicon Ultra 30K MWCO centrifugal filter, and further purified over a 16/60 
Superdex 200 column (GE Healthcare) in Buffer E. The eluate containing purified 
spastin was pooled, concentrated using an Amicon Ultra 30K MWCO centrifugal 
filter to at least 1 mg ml−1 and stored at −80 °C. PreScission cleavage left six 
nonnative residues at the N terminus (GPQGSK).

Hs-spastin wild type and N386C mutant. Buffer A: PBS, 10 mM MgCl2, 10 mM 
DTT, 1 mM PMSF, 5 U ml−1 benzonase, and cOmplete EDTA-Free Protease 
Inhibitor Cocktail, pH 7.4. Buffer B: 50 mM K-HEPES, 250 mM KCl, 5 mM MgCl2, 
5 mM DTT, 0.1 mM PMSF, 0.005% (v/v) Triton X-100, pH 7.5. Buffer C: 50 mM 
Na-MES, 10% (w/v) glycerol, 5 mM MgCl2, 5 mM DTT, pH 6.5. Buffer D: 50 mM 
Na-MES, 2 M NaCl, 10% (w/v) glycerol, 5 mM MgCl2, 5 mM DTT, pH 6.5.

Conditions. Briefly, the clarified lysate containing GST–Hs-spastin was incubated 
with a GSTrap 4B matrix (GE Healthcare) and eluted in Buffer B supplemented 
with 20 mM reduced glutathione. The protein solution was incubated with 
PreScission protease (0.1 mg ml−1) for 10–12 h, diluted 1:2 with Buffer C and loaded 
into a CaptoS cation exchange column (GE Healthcare) equilibrated in 93% Buffer 
C and 7% Buffer D. Fractions eluted from the ion exchange chromatography 
column were pooled and concentrated tenfold with an Amicon Ultra 50K MWCO 
centrifugal filter. The protein solution was centrifuged at 20,000g for 15 min, and 
the soluble fraction was stored at −80 °C. PreScission cleavage left five nonnative 
residues at the N terminus (GPLGS).
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GST-FIGL1 (Hs-FIGL1). Hs-FIGL1 protein used for measurement of kinetic 
parameters was obtained by the following procedure (Method 1): Buffer A: 25 mM 
Tris–HCl, 300 mM NaCl, 5 mM MgCl2, 5 mM DTT, 1 mM PMSF, 0.01% (v/v) 
Triton X-100, and cOmplete EDTA-Free Protease Inhibitor Cocktail, pH 8.0. Buffer 
B1: 25 mM Tris–HCl, 300 mM NaCl, 5 mM MgCl2, 5 mM DTT, 0.4 mM PMSF, 
0.01% (v/v) Triton X-100, pH 8.0. Buffer B2: 25 mM Tris–HCl, 150 mM NaCl, 
5 mM MgCl2, 5 mM DTT, 10 mM reduced glutathione, pH 8. Buffer C: 25 mM 
Tris–HCl, 75 mM NaCl, 5 mM MgCl2, 5 mM DTT, pH 8.5. Buffer D: 25 mM Tris–
HCl, 500 mM NaCl, 5 mM MgCl2, 5 mM DTT, pH 8.5. Buffer E: 25 mM Tris–HCl, 
150 mM NaCl, 5 mM MgCl2, 5 mM DTT, 5% (w/v) glycerol, pH 7.5

Conditions. The clarified lysate from cells expressing GST-FIGL1 was loaded onto 
GSTrap 4B (GE Healthcare), washed with Buffer B1 and then Buffer D, and finally 
eluted with Buffer B2. Fractions containing the proteins were pooled, diluted with 
1 volume of Buffer C, and loaded on a MonoQ 5/50 GL column (GE Healthcare), 
equilibrated in 95% Buffer C and 5% Buffer D. The protein fractions were pooled, 
concentrated tenfold using an Amicon Ultra 50K MWCO centrifugal filter, and 
further purified over a 10/300 Superdex 200 column (GE Healthcare) in Buffer E. 
Fractions from size-exclusion column were concentrated to a minimum  
of 1 mg ml−1 using an Amicon Ultra 30K MWCO centrifugal filter,  
and stored at −80 °C.

Method 2: Buffer A: 50 mM Tris–HCl, 150 mM NaCl, 5 mM MgCl2, 10 mM 
DTT, 0.1 mM PMSF, 0.01% (v/v) Triton X-100, 5 U ml−1 benzonase, and cOmplete 
EDTA-Free Protease Inhibitor Cocktail, pH 8.0. Buffer B1: 25 mM Tris–HCl, 
300 mM NaCl, 5 mM MgCl2, 5 mM DTT, 0.1 mM PMSF, 0.01% (v/v) Triton X-100, 
pH 8.0. Buffer B2: 25 mM Tris–HCl, 150 mM NaCl, 5 mM MgCl2, 5 mM DTT, 
10 mM reduced glutathione, pH 8.0. Buffer C: 25 mM Tris–HCl, 75 mM NaCl, 
5 mM MgCl2, 5 mM DTT, pH 8.5. Buffer D: 25 mM Tris–HCl, 1 M NaCl, 5 mM 
MgCl2, 5 mM DTT, pH 8.5. Buffer E: 25 mM Tris–HCl, 150 mM NaCl, 5 mM 
MgCl2, 5 mM DTT, 5% (w/v) glycerol, pH 7.5.

Conditions. The clarified lysate from cells expressing GST-FIGL1 was incubated 
with sepharose glutathione beads (GE Healthcare) for 1 h, washed with Buffer B1 
and eluted with Buffer B2. Fractions containing the protein were pooled, diluted 
with three volumes of Buffer C, and loaded on a MonoQ 5/50 GL column (GE 
Healthcare), equilibrated in 95% Buffer C and 5% Buffer D. The protein fractions 
were pooled, concentrated tenfold using an Amicon® Ultra 50K MWCO centrifugal 
filter, and further purified over a 10/300 Superdex 200 column (GE Healthcare) in 
Buffer E. Fractions from size-exclusion column were concentrated to a minimum 
of 1 mg ml−1 using an Amicon Ultra 30K MWCO centrifugal filter, and stored at 
−80 °C. Hs-FIGL1 protein used for testing inhibitors was obtained with method 
1 or method 2. We note that protein purity and ATPase activity were comparable 
between the methods (data not shown).

MBP-katanin (Xl-katanin). Buffer A: 20 mM Tris–HCl, 250 mM NaCl, 5 mM 
MgCl2, 100 µM ATP, 5 mM DTT, 10% (w/v) glycerol, 1 mM PMSF, and cOmplete 
EDTA-Free Protease Inhibitor Cocktail, pH 7.5. Buffer B: 20 mM Tris–HCl, 
250 mM NaCl, 5 mM MgCl2, 100 µM ATP, 5 mM DTT, 10% (w/v) glycerol, pH 
7.5. Buffer C: 20 mM Tris–HCl, 50 mM NaCl, 1 mM MgCl2, 5 mM DTT, 100 µM 
ATP, 10% (w/v) glycerol, pH 7.5. Buffer D: 20 mM Tris–HCl, 500 mM NaCl, 5 mM 
MgCl2, 5 mM DTT, 100 µM ATP, 10% (w/v) glycerol, pH 7.5. Buffer E: 20 mM  
Na-HEPES, 250 mM NaCl, 5 mM MgCl2, 5 mM DTT, 10% (w/v) glycerol, pH 7.5.

Conditions. The clarified lysate from cells expressing MBP-katanin was loaded onto 
an MBP trap column (GE Healthcare). The column was washed with 30 column 
volumes of Buffer B and eluted with a Buffer B supplemented with 10 mM maltose. 
The eluate was diluted 1:2 with Buffer C and loaded on a 16/60 MonoQ GL ion 
exchange column and eluted with a gradient of Buffer D. Combined MonoQ 
fractions were further purified on a 10/300 Superdex 200 gel filtration column in 
Buffer E. The fractions containing purified MBP-katanin protein were frozen in 
liquid nitrogen and stored at −80 °C.

VCP (Mm-VCP). Mm-VCP protein used for measurement of kinetic parameters 
was obtained by the following procedure (Method 1): Buffer A: 25 mM K-HEPES, 
500 mM KCl, 20 mM imidazole, 2 mM DTT, 5 U ml−1 benzonase, and cOmplete 
EDTA-Free Protease Inhibitor Cocktail, pH 8.0. Buffer B: 25 mM K-HEPES, 
500 mM KCl, 20 mM imidazole, 2 mM DTT, pH 8.0. Buffer C: 25 mM K-HEPES, 
500 KCl, 1 mM MgCl2, 2 mM DTT, 500 mM imidazole, pH 7.5. Buffer D: 25 mM 
K-HEPES, 250 mM KCl, 1 mM MgCl2, 2 mM DTT, pH 7.5.

Conditions. The clarified lysate from cells expressing His6-VCP was incubated with 
Ni-NTA beads (Qiagen) for 40 min, and the beads were extensively washed using 
Buffer B. The protein was eluted with Buffer C. Fractions containing the protein 
were concentrated using an Amicon Ultra 50K MWCO centrifugal filter, and 
the concentrated protein sample was filtered through a 0.22-μm Millex-GP PES 
membrane and loaded on a 10/300 Superose 6 column (GE Healthcare) in Buffer 
D. Fractions from the size-exclusion column were concentrated using an Amicon 
Ultra 50K MWCO centrifugal filter, and the concentrated protein sample was 
stored at −80 °C.

Method 2: Buffer A: 50 mM Tris–HCl, 400 mM NaCl, 2 mM MgCl2, 20 mM 
imidazole, 1 mM ATP, 2 mM tris(2-carboxyethyl)phosphine (TCEP), 0.025% 
(v/v) Triton X-100, and cOmplete EDTA-Free Protease Inhibitor Cocktail, pH 
7.5 (at 25 °C). Buffer B: 50 mM Tris–HCl, 300 mM NaCl, 40 mM imidazole, 5 mM 
MgCl2, 1 mM TCEP, 0.01% (v/v) Triton X-100, pH 7.5 (at 25 °C). Buffer C: 50 mM 
Na-HEPES, 100 mM NaCl, 5 mM MgCl2, 1 mM TCEP, pH 7.5 (at 25 °C). Buffer 
D: 50 mM Na-HEPES, 1 M NaCl, 5 mM MgCl2, 1 mM TCEP, pH 7.5 (at 25 °C). 
Buffer E: 50 mM Na-HEPES, 300 mM NaCl, 5 mM MgCl2, 1 mM TCEP,  
pH 7.5 (at 25 °C).

Conditions. The clarified lysate in buffer A from cells expressing His6-VCP was 
incubated with Ni-NTA beads (Qiagen) for 40 min, and the beads were extensively 
washed with Buffer B. The protein was eluted with Buffer B supplemented with 
500 mM imidazole. Eluted fractions were pooled and dialyzed in Buffer C. After 
dialysis, the protein was loaded onto a MonoQ column 5/50 GL (GE Healthcare) 
and fractioned over a gradient with Buffer D. Protein was eluted at approximately 
350 mM NaCl. Combined MonoQ fractions were concentrated using an Amicon 
Ultra 50K MWCO centrifugal filter, and the concentrated protein sample was 
filtered through a 0.22-μm Millex-GP PES membrane before loading onto a 10/300 
Superdex 200 column (GE Healthcare) equilibrated in Buffer E. Fractions from 
the size-exclusion column were concentrated using an Amicon Ultra 50K MWCO 
centrifugal filter, and the concentrated protein sample was mixed with 15% (w/v) 
glycerol and stored at −80 °C. Mm-VCP protein used for testing inhibitors was 
obtained with method 1 or method 2. We note that protein purity and ATPase 
activity were comparable between the methods (data not shown).

PCH2 (Hs-PCH2). Buffer A: 50 mM Tris–HCl, 250 mM NaCl, 10 mM MgCl2, 5 mM 
DTT, 1.2 mM PMSF, 0.02% (v/v) Triton X-100, 0.5 mM MgATP, 1 mM EGTA, 
5 U ml−1 benzonase, and cOmplete EDTA-Free Protease Inhibitor Cocktail, pH 7.5. 
Buffer B1: 25 mM Tris–HCl, 350 mM NaCl, 10 mM MgCl2, 5 mM DTT, 0.2 mM 
MgATP, 0.02% (v/v) Triton X-100, 1 mM EGTA, pH 8.0. Buffer B2: 25 mM  
Tris–HCl, 150 mM NaCl, 10 mM MgCl2, 5 mM DTT, 20 µM reduced glutathione, 
0.5 mM EGTA, pH 8.0. Buffer E: 25 mM Tris–HCl, 150 mM NaCl, 5 mM MgCl2, 
5 mM DTT, 10% (w/v) glycerol, pH 8.0.

Conditions. The clarified lysate from cells expressing GST-PCH2 was incubated 
with sepharose glutathione beads (GE Healthcare) for 1 h, and the beads were 
washed with 50 volumes of Buffer B1 followed by 10 volumes of Buffer B2. 
PreScission protease (0.1 mg ml−1) was added, and the beads were incubated 
for 12 h. The protein-containing solution was recovered by filtration and 
incubated with fresh sepharose glutathione beads for 1 h. Beads were removed by 
centrifugation at 1,440 r.p.m. using an Allegra X30-R centrifuge and the solution 
was concentrated 20-fold using an Amicon Ultra 30K MWCO centrifugal filter, 
filtered through a 0.33-μm Millex-GP PES membrane and further purified  
over a 10/300 Superdex 75 column (GE Healthcare) in Buffer E. Fractions 
containing purified protein from the size-exclusion column were concentrated  
to a minimum of 1 mg ml−1 using an Amicon Ultra 30K MWCO centrifugal  
filter and stored at −80 °C.

6XHis-SUMO-VPS4B (Hs-VPS4B). Buffer A: 20 mM Na-HEPES, 500 mM NaCl, 
2 mM MgCl2, 10% (w/v) glycerol, 0.5 mM DTT, 1 mM PMSF, 1 mM ATP, and 
cOmplete EDTA-Free Protease Inhibitor Cocktail, pH 7.6. Buffer B1: 20 mM 
Na-HEPES, 500 mM NaCl, 2 mM MgCl2, 0.5 mM DTT, 1 mM PMSF, 1 mM ATP, 
15 mM imidazole, pH 7.6. Buffer B2: 20 mM Na-HEPES, 500 mM NaCl, 2 mM 
MgCl2, 0.5 mM DTT, 1 mM PMSF, 1 mM ATP, 400 mM imidazole, pH 7.6. Buffer 
C: 25 mM Na-HEPES, 2 mM MgCl2, 1 mM DTT, pH 7.6. Buffer D: 25 mM Na-
HEPES, 1 M NaCl, 2 mM MgCl2, 1 mM DTT, pH 7.6. Buffer E: 50 mM Na-HEPES, 
150 mM NaCl, 3 mM MgCl2, 2 mM DTT, pH 7.6.

Conditions. The clarified lysate from cells expressing 6xHIS-SUMO-VPS4B was 
incubated with Ni-NTA beads for 1 h, and the beads were washed with 10 volumes 
of Buffer A and then 10 volumes of Buffer B1, and eluted with 10 volumes of 
Buffer B2. The protein-containing solution was diluted with 2.5 volumes of diluted 
Buffer A (1:1 in H2O), loaded onto a MonoQ column 5/50 GL (GE Healthcare) 
equilibrated in Buffer C, and fractioned over a gradient with Buffer D. Combined 
MonoQ fractions were concentrated using an Amicon Ultra 30K MWCO 
centrifugal filter, and the concentrated protein sample was filtered through  
a 0.22-μm Millex-GP PES membrane before loading onto a 10/200 Superdex 200 
column (GE Healthcare) equilibrated in Buffer E. Fractions from size-exclusion 
column were concentrated using an Amicon Ultra 30K MWCO centrifugal  
filter and concentrated protein sample was mixed with 10% (w/v) glycerol  
and stored at −80 °C.

Analyses of ATPase activity. Steady-state ATPase activity of AAA proteins was 
determined using the NADH-coupled assay. For all analyses, the time course  
of fluorescence decrease was measured using a Synergy NEO Microplate  
Reader (λex = 340 nm, 440 nm emission filter). The rate from a control  
reaction with no ATP (background rate of fluorescence decrease) was  
subtracted from all rates. The assay buffers were based on literature  
precedents, as available3,25,29.
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Assay conditions for K1/2 and kcat analyses (enzyme concentrations). Dm-spastin 
wild-type and mutants (85 nM): 25 mM K-HEPES pH 7.5, 225 mM KCl, 25 mM 
K2HPO4, 5 mM MgCl2, 2.5 mM DTT, 175 µM NADH.

Hs-spastin wild type and mutants (100 nM): 25 mM K-HEPES pH 7.5, 225 mM 
KCl, 25 mM K2HPO4, 5 mM MgCl2, 2.5 mM DTT, 200 µM NADH.

Xl-katanin (80 nM): 25 mM K-HEPES pH 7.5, 70 mM KCl, 25 mM K2HPO4, 
5 mM MgCl2, 2.5 mM DTT, 175 µM NADH.

Hs-FIGL1 (50 nM): 25 mM Na-MES pH 6.5, 70 mM KOAc, 25 mM K2HPO4, 
5 mM Mg(OAc)2, 1 mM TCEP, 175 µM NADH.

Mm-VCP (450 nM): 25 mM K-HEPES pH 7.5, 25 mM KCl, 25 mM K2HPO4, 
15 mM MgCl2, 1 mM TCEP, 100–125 µM NADH.

Hs-PCH2 (340 nM): 25 mM Tris–HCl pH 8.5, 150 mM KCl, 25 mM K2HPO4, 
5 mM MgCl2, 2.5 mM DTT, 0.025% (v/v) Triton X-100, 125 µM NADH.

Each buffer also contained 0.1 mg ml−1 BSA, 1 mM phosphoenolpyruvate, 
40 U ml−1 lactate dehydrogenase, and 40 U ml−1 pyruvate kinase.

Assay conditions for analysis of chemical inhibitors. While testing compounds  
we observed some precipitation, which we found to be dependent on  
buffer conditions. Replacing K2HPO4 with (NH4)2SO4 addressed this issue.  
As Dm-spastin is more active than Hs-spastin, 0.5 mM MgATP was used  
rather than 1 mM MgATP. For each assay we included Triton X-100 to  
prevent non-specific aggregation44.

Dm-spastin wild-type and mutants: protein 70–100 nM, 25 mM K-HEPES pH 
7.5, 200 mM KCl, 20 mM (NH4)2SO4, 5 mM MgCl2, 2.5 mM DTT, 175 µM NADH.

Hs-spastin wild-type and mutants: protein 50 nM, 25 mM K-HEPES pH 7.5, 
225 mM KCl, 2.5 mM (NH4)2SO4, 5 mM MgCl2, 2.5 mM DTT, 0.005% w/v Triton 
X-100, 175 µM NADH.

Xl-katanin: protein 70 nM, 25 mM K-HEPES pH 7.5, 70 mM KCl, 20 mM 
(NH4)2SO4, 5 mM MgCl2, 2.5 mM DTT, 0.005% w/v Triton X-100, 150 µM NADH.

Hs-FIGL1: protein 50–70 nM, 25 mM Na-MES pH 6.5, 70 mM KOAc, 20 mM 
(NH4)2SO4, 5 mM Mg(OAc)2, 1 mM TCEP, 0.005% w/v Triton X-100, 150 µM 
NADH.

Mm-VCP: protein 300 nM, 50 mM K-HEPES pH 7.5, 25 mM KCl, 20 mM 
(NH4)2SO4, 15 mM MgCl2, 1 mM TCEP, pH 7.5, 100 µM NADH.

Hs-PCH2: protein 270 nM, 25 mM Tris–HCl pH 8.5, 150 mM KCl, 20 mM 
(NH4)2SO4, 5 mM MgCl2, 2.5 mM DTT, 0.025% (v/v) Triton X-100, 125 µM 
NADH.

Hs-VPS4B: protein 80 nM, 25 mM Na-HEPES pH 7.5, 25 mM KOAc, 2.5 mM 
(NH4)2SO4, 2 mM MgCl2, 1 mM TCEP, 0.01% (v/v) Triton X-100, 150 µM NADH.

Each buffer also contained: 0.1 mg ml−1 BSA, 1 mM phosphoenolpyruvate, 
30 U ml−1 lactate dehydrogenase, 30 U ml−1 pyruvate kinase.

Equations used for data fitting. Enzyme parameters K1/2, kcat, and Hill coefficients 
(h) for the recombinant enzymes were determined by fitting the rates to the 
Hill equation using Prism v. 6.0 (GraphPad Software Inc) at different ATP 
concentrations (x):
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For each experiment the measured activity versus concentration of compound were 
plotted and data were fit using a sigmoidal dose–response curve equation in Prism 
to determine the half-maximum inhibitory concentration (IC50).
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Differential scanning fluorimetry. These experiments were carried out on a 
C1000 Touch Thermal cycler CFX-96 instrument (GE Healthcare). Purified Hs-
spastin wild-type or Hs-spastin N386C mutant were diluted to 16 µM in a buffer 
containing 50 mM K2HPO4, 200 mM KCl, 2 mM MgCl2, and 2 mM DTT, pH 7.4. 
Spastazoline was diluted in this buffer supplemented with 4% (v/v) DMSO and 
SYPRO Orange (1:250 dilution), and an equal volume was added to the Hs-spastin 
solution (assay concentrations: compound, 6.25 µM to 200 µM; Hs-spastin, 8 µM; 
DMSO, 2%). Assays were conducted in a 96-well plate (Hard-shell HSP9665 Bio-
Rad). The temperature was linearly increased with a step of 0.5 °C for 55 min, from 
25 °C to 95 °C, and fluorescence readings were taken at each interval (excitation 
490 nm, emission 590 nm). Melting temperatures were recorded as the minimum 
value of the first derivative of the fluorescence versus temperature curves.

In vitro microtubule-severing assays. A fluorescence-based assay was adapted from 
similar assays reported previously45. Briefly, X-rhodamine-labeled, taxol (Sigma, 
catalog no.T7402) -stabilized microtubules (bovine brain) were diluted in buffer 
A (20 mM K-HEPES, 30 mM KCl, 5 mM MgCl2, 2 mM TCEP, 0.2 mg ml−1 BSA, 
0.01% Triton X-100). Compound 5 (2 µM, 1% DMSO final) and MgATP (0.5 mM) 
in buffer A were added and the mixture was incubated for 5 min. Dm-spastin was 

diluted to 150 nM in buffer B (50 mM K-HEPES, 300 mM KCl, 10 mM MgCl2, 
1 mM TCEP, 10% glycerol, 0.01% Triton X-100, pH 7.5) and then added to the 
mixture (final concentration: 15 nM). Aliquots were removed at selected time 
points, fixed, and imaged using a Zeiss Axiovert 200M wide-field microscope 
equipped with a Zeiss 100×/1.45 NA α-Plan Fluor objective and an EMCCD 
camera (iXon DU-897, Andor Technology).

Computational methods. Analysis of nucleotide-binding sites of AAA proteins. We 
used a three-dimensional structural alignment to compare the residue composition 
of the ATP-binding site in selected AAA proteins (Dm-spastin, Xl-katanin, 
Hs-FIGL1, Mm-VCP, and Hs-PCH2). We used available structural models for 
Dm-spastin (PDB: 3B9P), Hs-FIGL1 (PDB: 3D8B, chain A), the D1-AAA domain 
(PDB: 5FTK, chain A, residues 200–477), and the D2-AAA domain (residues 471–
761) of human VCP. Since no structural models for katanin or human PCH2 were 
available at the beginning of these studies, homology models were generated for 
the ATPase domains of these proteins using Bioluminate (version 2.3, Schrödinger, 
LLC). Hs-PCH2 (residues 132–432, Uniprot reference sequence Q15645) was 
modeled using the structure of Caenorhabditis elegans PCH2 (PDB: 4XGU) as a 
template. Xl-katanin (residues 200–486, Uniprot reference sequence Q9PUL2) was 
modeled using 3D8B_A, 3VFD_A, and 3B9P_A as templates.

To identify the amino acid residues lining the adenine-binding pocket in 
these proteins the atom coordinates from the structural or homology models 
were aligned to the coordinates of ADP-bound Hs-FIGL1 using UCSF Chimera46. 
Hs-FIGL1 residues within 6 Å of the adenine were selected and the corresponding 
residues were identified in the ATPase domains of Dm-spastin, Xl-katanin, 
Mm-VCP, and Hs-PCH2, or in an extended set of 24 AAA proteins. These amino 
acid residues, along with the corresponding secondary structure motifs, are shown 
in Supplementary Fig. 1d,e.

Inhibitor docking. The molecular dynamics system was set up for Dm-spastin 
(PDB: 3B9P) using the Protein Preparation Wizard in Maestro (Schrödinger 
Release 2016.1). First, all non-protein atoms in the PDB file were kept, and 
the protein loops with no coordinates were modeled using Uniprot: Q8I0P1 as 
reference sequence. Hydrogen atoms were added to the protein structure, and the 
protonation states of ionizable residues were assigned for pH 7.0. This structure 
was neutralized with KCl ions, additional KCl ions were placed to reproduce a salt 
concentration of 0.15 M, and the system was solvated with an orthorhombic box 
of simple point charge water molecules using the Desmond package in Maestro 
(Desmond Molecular Dynamics System, version 4.6, D. E. Shaw Research).

To generate the molecular dynamics atomic trajectory, the standard system 
relaxation protocol provided in Maestro was used, followed by 100 ns of  
NPT molecular dynamics (300 K, 1.01325 bar), during which atomic positions  
were recorded every 50 ps. To maintain the pressure and temperature of the system, 
isotropic position scaling and the Nosè–Hoover chain thermostat methods  
were used with relaxation times of 2 ps and 1 ps, respectively. A RESPA  
integrator scheme was employed (step: 2.0 fs for bonded interactions;  
2 fs for van der Waals and short-range electrostatic interactions; 6 fs for  
long-range electrostatic interactions). Short-range electrostatic interactions  
were cut off at 9.0 Å.

For the ensemble docking procedure all non-protein atoms were removed 
from the 5,000 molecular dynamics frames and the spastin structures from 
each frame were aligned to remove translational and rotational movement of 
the macromolecule. One hundred representative frames were selected using the 
molecular dynamics-trajectory clustering methods in Schrödinger, based on the 
coordinates of the nucleotide-binding site residues. To remove overlap of the 
atoms’ van der Waals radii, representative structures were minimized using 25 
iterations of the Polak–Ribière conjugated gradient method or until the root mean 
square of the gradient of the energies was <0.05 kJ mol−1 Å−1, using OPLS2003e 
force field and a cut-off of 20 Å for the electrostatic interactions and 8 Å for the 
van der Waals interactions. Molecular docking was performed on the resulting 
100 structures using the XGlide script with the OPLS2003e force field and 
Schrödinger’s GlideScore multi-ligand scoring function47. A box of 22 Å was placed, 
centered approximately at the P-loop residues of Dm-spastin. Grids for docking 
calculations were obtained with the grid generation module in Schrödinger. A 
scaling factor of 0.8 was applied to the atom radii for every atom with assigned 
partial charge <0.25. The AROMATIC_H-BONDS option was set true. The major 
tautomer at pH 7.0 of compound 4 [1-methyl-4-(4-((5-phenyl-1H-pyrazol-3-yl)
amino)quinazolin-2-yl)piperazin-1-ium] was calculated using the LigPrep panel 
in Maestro. For docking, the REWARD_INTRA_HBONDS, SAMPLE_RINGS, 
HBOND_DONOR_AROMH, FORCEPLANAR, and AROMATIC_H-BONDS 
options were set true, and a scaling factor of 0.75 was applied to atom radii for 
every atom with assigned partial charge <0.15. Compound 5 ((R)-4-(4-((5-(tert-
butyl)-1H-pyrazol-3-yl)amino)quinazolin-2-yl)-3-methylpiperazin-1-ium) and 
compound 6 ((R)-4-(4-((5-(tert-butyl)-1H-pyrazol-3-yl)amino)-7H-pyrrolo 
[2,3-d]pyrimidin-2-yl)-3-methylpiperazin-1-ium) were docked using an  
analogous procedure.

Chemical inhibitors. Compound syntheses and characterizations are reported in 
the Supplementary Note.
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