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SUMMARY

Katanin was the first microtubule (MT)-severing
enzyme discovered, but how katanin executes
MT severing remains poorly understood. Here, we
report X-ray crystal structures of the apo and
ATPgS-bound states of the catalytic AAA domain
of human katanin p60 at 3.0 and 2.9 Å resolution,
respectively. Comparison of the two structures
reveals conformational changes induced by ATP
binding and how such changes ensure hexamer
stability. Moreover, we uncover structural details
of pore loops (PLs) and show that Arg283, a residue
unique to katanin among MT-severing enzymes,
protrudes from PL1 and lines the entry of the
catalytic pore. Functional studies suggest that PL1
and Arg283 play essential roles in the recognition
and remodeling of the glutamylated, C-terminal
tubulin tail and regulation of axon growth. In
addition, domain-swapping experiments in katanin
and spastin suggest that the non-homologous
N-terminal region, which contains the MT-inter-
acting and trafficking domain and a linker, confers
specificity to the severing process.

INTRODUCTION

Microtubules (MTs) are essential cytoskeletal polymers in all

eukaryotes, as they control cell motility, differentiation, and divi-

sion. The versatility and specificity of MT functions might be

fulfilled by the combination of differential expression of a- and

b-tubulin isotypes, their arrangement in the polymer, and the

regulated expression and activation of MT-associated proteins

(MAPs) (Nogales, 2000). Moreover, MTs are subject to complex

post-translational modifications (PTMs), such as glutamyla-

tion, glycylation, tyrosination, and acetylation (Gadadhar et al.,

2017). Most PTMs occur on the C-terminal tails (CTTs) of tubulin

(Janke, 2014; Song and Brady, 2015), the sites that display wide

heterogeneity among tubulin isotypes and provide interaction

sites for MAPs (Janke, 2014).

The MT-severing enzymes katanin, spastin, and fidgetin con-

trol MT dynamics by generating internal breaks in the MT poly-

mer. These enzymes belong to the family of AAA ATPases

(ATPase associated with diverse cellular activities), character-

ized by a conserved AAA domain with ATPase activity (Roll-Me-

cak andMcNally, 2010). MT-severing enzymes play critical func-

tions in a wide range of cellular processes, including cell division

(McNally et al., 2014; Zhang et al., 2007), cilia biogenesis (Pathak

et al., 2007; Sharma et al., 2007), and neurite outgrowth (Ahmad

et al., 1999; Karabay et al., 2004; Stone et al., 2012; Yu et al.,

2008). Katanin comprises a 60 kDa catalytic subunit p60

(Kp60) and an 80 kDa regulatory subunit p80 (Kp80) (Hartman

et al., 1998; McNally and Vale, 1993; Vale, 1991). Kp60 consists

of a highly homologous AAA domain and a non-homologous

N-terminal region, which contains an MT-interacting and traf-

ficking (MIT) domain and a linker. Kp60 monomers assemble

into ring-shaped hexamers. It has been postulated that katanin

binds to the CTT of tubulin and exploits ATP hydrolysis to trans-

locate the tubulin polypeptide through the central pore of the

hexameric ring, thereby destabilizing tubulin-tubulin interaction

and eventually leading to the removal of tubulin from the MT

polymer (Roll-Mecak and McNally, 2010; Zehr et al., 2017).

Despite that an attractive model for MT-severing has been pro-

posed, several salient questions still remain unanswered. It is

unclear, for instance, how ATP binding changes the conforma-

tion of the Kp60 monomer, which specific features in the

MT are recognized by katanin, to what extent the different

MT-severing enzymes share MT-severing mechanisms, and

what role the non-homologous N-terminal regions of katanin

and spastin play in the severing process.
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Here we report the X-ray crystal structures of the nucleotide-

free (apo) and the ATPgS-bound states of the monomeric AAA

domain of Homo sapiens Kp60. We show that purified katanin

monomers form a hexamer in a dose-dependent manner even

in the absence of both ATP and MT. Comparing the apo and

the ATPgS-bound structures reveals themovement of the helical

bundle domain (HBD) and the nucleotide binding domain (NBD)

with respect to each other and provides the structural basis for

oligomerization. By combining structural modeling, site-directed

mutagenesis, and functional analyses, we identify Arg283, a res-

idue specific to katanin, as a key player in the recognition and re-

modeling of the glutamylated CTT of tubulin. Moreover, genera-

tion of chimeric proteins of spastin and katanin unexpectedly

reveals that the non-homologous N-terminal regions of the two

enzymes play a pivotal role in determining the mode of MT re-

modeling. Our results suggest that the two regions that are

unique to each severing enzyme are crucial for function.

RESULTS

Oligomeric State of AAA ATPase Domain of Human
Katanin p60
To determine the three-dimensional structure of Kp60, we

generated various plasmids of Homo sapiens Kp60 and found

that the construct comprising the AAA ATPase domain from

amino acids 183–491 (hereafter referred to as Kp60AAA) (Fig-

ure 1A) produced the most soluble form. Purified proteins were

eluted as two peaks from HiLoad 26/60 Superdex 200 size-

exclusion chromatography (SEC), and the peak sizes roughly

corresponded to those of a hexamer and a monomer. Kp60

was further purified by SEC using a Superdex 200 (10/300 GL)

column, and analysis of the fractions from the two peaks by

SEC with multi-angle light scattering (SEC-MALS) confirmed a

higher molecular fraction of 294 kDa, which was slightly larger

than the mass expected for a hexamer of 258 kDa (Figure 1B,

left, S1A, and S1B). Fractions from the lower molecular weight

peak were eluted as two peaks with molecular weights of

�300 and 45 kDa (Figure 1B, right).

Unlike most AAA ATPases, which exist in oligomeric states

without ATP, Kp60 has been reported to be predominantly

monomeric and assemble into hexamers in an ATP- and MT-

dependent manner (Nithianantham et al., 2018; Peng et al.,

2013; Roll-Mecak and Vale, 2008; Zehr et al., 2017). However,

we found that Kp60AAA shifted from monomeric to hexameric

fractions in a concentration-dependent manner, and at high con-

centrations, both ATP and MT were dispensable for the forma-

tion of hexamers (Figures S1A–S1C). E/Q mutation in the

Walker B motif stabilizes hexamer assembly of MT-severing en-

zymes (Nithianantham et al., 2018; Peng et al., 2013; Roll-Mecak

and Vale, 2008; Zehr et al., 2017). We found that the elution

profiles of the EQ mutant (Kp60AAAE309Q) and the wild-type

(Kp60AAAWT) was similar, showing two peaks corresponding

to the sizes of a hexamer and a monomer (Figures 1 and S1A–

S1D). Furthermore, the small-angle X-ray scattering (SAXS)

reconstructions of the hexameric fractions of both Kp60AAAWT

and Kp60AAAE309Q clearly revealed ring-shaped hexamers

with prominent central pores in the absence of ATP (Figure 1C;

Tables S1 and S2) with radii of gyration (Rg) of �60 and �55 Å

and maximum interatomic distance (Dmax) of �200 and

�170 Å, respectively.

Crystal Structures of Kp60AAA in the Presence and
Absence of ATP
We attempted to crystallize Kp60AAAWT in both the presence

and absence of ATPgS, but crystals of the monomeric forms of

only the ATPgS-bound Kp60AAAWT produced diffraction data

at a high resolution (2.9 Å resolution; Table S3). Kp60AAA con-

tains two subdomains, an NBD, which contains the canonical

Walker A and B motifs, and an HBD (Figure 1D). The nucleo-

tide-binding pocket is located at the interface between the

two subdomains. With the two helices, a-helix1 (a1) and a12

embracing the NBD at the N and C termini, respectively, the

overall structure of the ATPgS-bound human Kp60 is similar to

that of other MT-severing enzymes, such as C. elegans MEI-1

(Zehr et al., 2017), human KATNAL1 (Nithianantham et al.,

2018), and Drosophila spastin (Roll-Mecak and Vale, 2008; Tay-

lor et al., 2012) (Figure S1E). Our electron density map explicitly

shows the bound ATPgS located at the interface between the

HBD and the NBD (Figure 1D). The nucleotide forms an intensive

hydrogen bond network with the phosphate-binding loop

(P loop) in the Walker A motif and the conserved Asp308 residue

in the Walker B motif. The adenosine ring is deeply buried inside

the pocket formed by the HBD and the NBD and held in place

by intricate hydrophobic interactions with Leu211, Ala 212,

Leu257, Leu390, and Thr422.

As the apo state of Kp60AAAWT yielded non-diffracting

crystals, we compared the structures of the ATPgS-bound

Kp60AAAWT and apo Kp60AAAE309Q, which diffracted to

3.0 Å resolution. Kp60AAAE309Q can bind ATP but cannot hy-

drolyze it and thus traps Kp60AAA in its inactive state (Nithia-

nantham et al., 2018; Peng et al., 2013; Roll-Mecak and Vale,

2008; Zehr et al., 2017). Superimposition of the two Kp60AAA

structures reveals that Kp60AAA undergoes a substantial rear-

rangement upon nucleotide binding (Figure 1D). The HBD and

the NBD clamps around the base of the ATP-binding pocket

and locate Leu390 and Thr422 of the HBD closer to the bound

nucleotide. The orientation of a8 also changes considerably,

providing a hydrophobic environment for the bound nucleotide,

and this movement is accompanied by a rotation of HBD

around a10 and a 35� twist of a10 from Pro251 of the Walker

A in the NBD (Figure 1D). In fidgetin-like 1, the structures of

the apo and the nucleotide-bound states are quite similar

(Peng et al., 2013), and in other AAA proteins, the differences

are rather small (Figure S1E). In addition to the movement of

HBD, the region following helix a2a (residues 223–239) folds

into a short a-helix in the ATPgS-bound structure (Figure 1D).

Collectively, the structural comparison of the two conforma-

tions suggests that Kp60 becomes more compact upon ATP

binding.

Hexameric Model and Regulation of Severing Activity
by PL1
We then reconstructed hexamer models of the nucleotide-

bound and apo states of Kp60 by loading the crystal structures

of the monomeric Kp60AAAWT and Kp60AAAE309Q revealed in

this study onto the previously reported hexameric closed-ring
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(PDB: 5WCB) and open-spiral (PDB: 5WC0) conformations of

MEI-1 proposed from cryoelectronmicroscopy (cryo-EM) recon-

structions (Zehr et al., 2017). The closed-ring model was quite

similar to the overall structure of the nucleotide-free hexamer

B

A

C

D

Figure 1. Structures of Hexameric and

Monomeric Katanin p60 AAA ATPase

Domain

(A) Domain arrangement of human katanin p60.

(B) The SEC-MALS results of the hexameric (left)

and monomeric (right) Kp60AAA from size-exclu-

sion chromatography (STAR Methods; Figure S1).

(C) SAXS curve (left) and distance distribution

function, P(r), of Kp60AAA and Kp60AAAE309Q

(right). See STAR Methods and Tables S1 and S2.

Top and side views of the molecular envelope of

Kp60AAA and Kp60AAAE309Q with Kp60AAA hex-

amer model fitted into the SAXS reconstruction.

The crystal structure of Kp60AAAE309Q was used to

generate the hexameric model on the basis of the

crystal structure of Vps4 hexamer (PDB: 4D80).

(D) Crystal structures of Kp60 AAA ATPase domain

with and without ATPgS. Overall structures of

Kp60AAA in complex with ATPgS (shown light blue)

and without the nucleotide (Kp60AAAE309Q; shown

in dark blue). The electron density (2Fo – Fc) map

contoured at 1.0 s shows a clear orientation for

the bound ATPgS. The three pore loops, PL1, PL2,

and PL3, are colored in green, orange, and red,

respectively. See Figure S1E for structural com-

parison with other AAA ATPases. Inset, close-up of

the nucleotide-binding pocket for Kp60AAA in

complex with ATPgS and without the nucleotide

(Table S3).

calculated fromour SAXSdata (Figure 2A).

Within the ring, the NBD of each promoter

interacted with both HBD and NBD of the

adjacent promoter (Figure 2B). The esti-

mated interface or contact area in the

ATPgS-bound and the apo structure is

�1,350 and �650 Å2, respectively, sug-

gesting that ATP binding consolidates in-

teractions between adjacent promoters

and thereby enhances hexamer stability.

Consistently, the conformational change

occurring at the nucleotide-binding site

induces concomitant changes in the a2a

region (residues 223–239) located at the

NBD-HBD interface and brings the adja-

cent promoters closer (Figure 2B).

Assembly of AAA ATPases results in

the formation of a central pore, and the

three pore loops (PLs) located either

close to or inside the lumen of the cata-

lytic core are thought to be critical for

the recognition and translocation of

the substrate (Schlieker et al., 2004;

White et al., 2007). However, the exact

molecular basis remains unclear, in part,

because of the lack of structural informa-

tion on the PL structures. Here we have revealed the structure

of PL3 in both Kp60AAAWT and Kp60AAAE309Q and PL1 in

Kp60AAAWT (Figure 1D). PL1 is located at the entry of the cata-

lytic core and contains a conserved YVGmotif (Figures 2C, S2A,
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and S2B). In spastin, the YVG motif is highly conserved, and in

fidgetin, Tyr is replaced by Trp and Val by Leu (Figures 2C and

S2A). Mutational analyses in spastin suggest that the YVG motif

is critical for tubulin binding and severing activity (Roll-Mecak

and Vale, 2008; White et al., 2007). Interestingly, in katanin,

the corresponding residues are YRG, harboring a basic residue

Arg. The YRG motif in katanin is strongly conserved across spe-

cies (Figure S2B), with an exception of MEI-1 in which Tyr is re-

placed by an aromatic amino acid Trp. As shown in Figure 2D,

A

B

C D

E

Figure 2. Hexameric Model and PL1 of

Kp60AAA

(A) Hexameric model of Kp60AAA and the subunit

interfaces. The hexamer models were generated

on the basis of the crystal structures of Kp60AAA

complexed with ATPgS (left) and without the

nucleotide Kp60AAAE309Q (right) using the ring

hexamer model of C. elegans Kp60AAA (PDB:

5WCB) (Zehr et al., 2017).

(B) The interface between NBD and HBD of

neighboring molecules is shown at the top, and

that of the two neighboring NBDs is shown at the

bottom. The same color scheme is used as in (A),

and the adjacent molecules are shown in light and

dark pink.

(C) Sequence of the three pore loops of human

Kp60, mouse Kp60, human spastin, mouse spas-

tin, human fidgetin, and human fidgetin-like are

aligned. See Figures S2A and S2B for sequence

alignment and structural comparison with other

AAA ATPase.

(D) Three pore loops are highlighted in green,

orange, and red on the hexamer model generated

using the open-spiral model of MEI-1 (PDB: 5WC0)

(Zehr et al., 2017). Tyr282 in the YRG motif of PL1

interacts with hydrophobic cluster residues of a1

(L195 and L200) and a4 helix (T277, L278, L289,

and L293).

(E) The hexamer models generated by loading the

monomeric Kp60AAAE309Q crystal structure into

both the open-spiral (top) (PDB: 5WC0) and the

closed-ring (bottom) (PDB: 5WCB) models of

C. elegans MEI-1 (Zehr et al., 2017). Note that

Arg283 residues form a positive cluster crowning

the entry of the catalytic channel of the hexameric

pore. Tyr282 and Arg283 in YRG motif are high-

lighted in a stick model.

Tyr282 in the YRG motif interacts exten-

sively with Leu195 and Ile200 in a1 and

Leu289 and Leu293 in a4. The configura-

tion of the YVG motif is similar in

MT-severing enzymes but not in other

AAA ATPases (Figure S2C). In MT-

severing enzymes, Tyr residue (or Trp in

fidgetin) of the YVG motif is engaged

in multiple hydrophobic interactions with

a1 helix (Figures 2D, S2B, and S2C), a

structure that is unique to the severing

enzymes. Such interactions might pro-

vide anchoring points for the side chain

Tyr/Trp and limit the movement of the

aromatic residue. In katanin, the anchoring of Y282 might aid

Arg283 in accessing the substrate.

We reconstructed katanin hexamers by loading our mono-

meric Kp60AAAE309Q crystal structure onto both the closed-

ring and the open-spiral models of MEI-1 (Zehr et al., 2017)

and found that six Arg283 residues of PL1 crowned the

entry of the pore, forming a positively charged surface

(Figures 2E and S3). These results suggest a model in which

the unique, positively charged surface created by the YRG
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motif plays a key role in the recognition and remodeling of the

substrate.

Role of Arg283 and PL1 on Katanin Activity
Next, we tested whether and how various mutations in Kp60

affected the MT network. In HeLa cells overexpressing high

levels of Kp60 (Kp60high), MT intensity was slightly reduced,

and in some cases, we observed fragmentation of MT lattice

(i.e., MT ‘‘severing’’) (Figure S4A; Table S4). However, Kp60high

Figure 3. Effects of Structure-Guided Kata-

nin Mutations on Microtubule Organization

(A) Representative images of HeLa cells trans-

fectedwith either TTLL7 and/ormyc-tagged Kp60.

HeLa cells were stained with anti-a-tubulin (white),

GT335 (green), and Myc (red) antibodies.

(B and C) Percentage of cells expressing TTLL7

and/or Kp60 (B) and TTLL5 and/or Kp60 (C) that

show defects in microtubule (MT) organization.

(D and E) HeLa cells were co-transfected with

TTLL7 and various versions of Kp60. Transfected

cells were fixed and immunostained as in (A).

Representative images (D) and quantification of

cells showing defects in MT organization (E) are

presented. Note that cells expressing full-length

(FL), DPL3 mutant, or R283K mutant of Kp60

exhibit defects in MT organization.

Yellow arrowheads in (A) and (D) indicate

transfected cells. All data represent mean ± SEM

from at least three independent experiments.

##p < 0.01 and ###p < 0.001 compared with

control (black bar), respectively (one-way ANOVA,

Tukey’s multiple-comparison test). **p < 0.01 and

***p < 0.001, respectively; ns, not statistically

significant (one-way ANOVA. Tukey’s multiple-

comparison tests). Precise p values and total

numbers of cells analyzed are indicated in

Table S4. Scale bar, 10 mm.

cells were excluded from the analysis

to minimize the possible overexpression

artifact, and cells that overexpressed

low to moderate levels of Kp60 (and all

other constructs) were included in the

analysis throughout the study. In those

cells, Kp60 showed diffused cytoplasmic

expression, and no obvious changes in

MT intensity or structure were detected

(Figure 3A). Katanin’s activity might have

been barely detectable in interphase

HeLa cells because MT-severing en-

zymes prefer glutamylated MTs as sub-

strates (Lacroix et al., 2010), and inter-

phase MTs carry very low levels of

glutamylation (Regnard et al., 1999).

Glutamylation is catalyzed by several

tubulin tyrosine ligase-likes (TTLLs) that

display substrate and reaction prefer-

ences (Janke et al., 2005; van Dijk

et al., 2007). To activate Kp60 in cells,

we increased MT glutamylation by co-

expressing specific TTLL isoforms. On the basis of previous liter-

ature (Lacroix et al., 2010; van Dijk et al., 2007), we selected glu-

tamylases for a- and b-tubulin (vanDijk et al., 2007) and excluded

the TTLL isoforms that could activate endogenous spastin (La-

croix et al., 2010) to avoid confound effects of multiple MT-

severing enzymes. We confirmed that overexpression of TTLL5

or 7 markedly increased MT glutamylation in HeLa cells (Figures

3A and S4B). Co-expression of Kp60with either TTLL5 or 7 led to

a pronounced disorganization of MT arrays (Figures 3A–3C;
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Table S4). MTs failed to extend into the cell periphery and ex-

hibited an unusually high degree of curvature, leading to the for-

mation of MT loops (Figures 3A and S4C). These results suggest

that glutamylation is necessary to induce katanin-mediated

remodeling of MTs. Notably, even after increasing MT glutamy-

lation, fragmentation of the MT polymer nor reduction in MT

mass was observed. Katanin can induce robust MT fragmenta-

tion, especially in in vitro MT-severing assays, which are often

performed in the presence of high concentrations of Kp60 and

MTs enriched in glutamylation (Hartman et al., 1998), as the

MTs are prepared from brain tubulin (Eddé et al., 1990). How-

ever, in cell-based assays, katanin sometimes manifests its ac-

tivity by changing its location or the structure of the MT network,

which is not always accompanied by chopping of MTs or dimin-

ished MT intensity (Lacroix et al., 2010).

In the following co-transfection experiments, we used TTLL7,

which by itself had little effect on the intensity and organization of

the MT network. In contrast to Kp60-WT, the E309Q mutant had

no effect (Figures 3D and 3E; Table S4), suggesting that katanin-

mediated MT looping required its ATPase activity. The mutant

lacking the N terminus (DN) did not induce detectable changes

in the structure or intensity of MTs, probably because the

enzymatic domain alone might not be sufficient to form a stable

interface with MTs. Deletion of PL1 (DPL1) or PL2 (DPL2) almost

completely prevented the defects induced by full-length Kp60,

whereas Kp60-DPL3 had little effect (Figures 3D and 3E;

Table S4), suggesting that PL1 and PL2 but not PL3 are required

for katanin to induce MT looping. The elution profiles of all three

deletion mutants were similar to that of the wild-type (Fig-

ure S4D), suggesting that deletion of pore loops did not affect

hexamer assembly.

Given that katanin-mediated MT looping required PL1 and

glutamylation in MTs, we envisioned that a basic residue(s) in

PL1 plays a role in mediating electrostatic interactions between

katanin and the negatively charged, glutamylated CTT of tubulin.

Because Arg283 was exposed on the surface near the catalytic

core (see Figure 2E), we substituted Arg283 to a neutral (R283A,

R283V), an acidic (R283E), or a basic residue (R283K) and exam-

ined how the mutations affected katanin activity. R283A, R283V,

and R283E mutants of katanin lost activity, whereas the charge-

preserving R283K mutant partially retained its function (Figures

3D and 3E; Table S4). All R283 point mutants were eluted as

hexamers (Figure S4E), indicating that the mutation assembled

into hexamers. These data suggest that Arg283 plays a vital

role in katanin activity.

Role of Katanin in Axon Growth from Adult Sensory
Neurons
Katanin is highly expressed in neurons (Ahmad et al., 1999; Kar-

abay et al., 2004; Yu et al., 2008), and glutamylation is an abun-

dant tubulin PTM in the mature nervous system (Audebert et al.,

1994; Eddé et al., 1990; Ikegami et al., 2006; Redeker, 2010). We

found that knocking down (Figure S5A; Table S4) or overexpres-

sion of Kp60 substantially prevented axon growth from adult

sensory neurons (Figures 4A and 4B; Table S4), suggesting

that axon growth was susceptible to katanin dosage. These re-

sults are reminiscent of the sensitivity of axon growth to spastin

dosage in Drosophila, in which either overexpression or loss of

one copy of the spastin gene severely impaired axon regenera-

tion (Stone et al., 2012). Importantly, expression of human

Kp60 resistant to small interfering RNA (siRNA) against mouse

Kp60 completely rescued the axon growth defect induced by

depletion of endogenous Kp60 (Figures 4A and 4B; Table S4),

suggesting that katanin plays an important role in axon growth.

Next, we overexpressed various Kp60 mutants in adult sen-

sory neurons (Figure S5B) in the presence of endogenous kata-

nin. Because MTs in adult neurons were already glutamylated,

TTLLs were not co-transfected. In contrast to Kp60-WT, the

E309Q and theDNmutants had no effect (Figures 4D and 4E; Ta-

ble S4), consistent with the results in HeLa cells (see Figures 3D

and 3E). Importantly, Kp60-DPL1 and R283A/V/E mutants failed

to inhibit axon growth, while the R283K mutant inhibited axon

growth as Kp60-WT (Figures 4D and 4E; Table S4), demon-

strating the importance of PL1 and Arg283 in katanin function

and in the regulation of axon growth.

Mechanismof Katanin- and Spastin-Mediated Substrate
Recognition and Remodeling
Although katanin and spastin have high sequence homology in

their AAA catalytic domains, the two enzymes seem to control

MTs in distinct ways (Yu et al., 2008; Zhang et al., 2007). Our re-

sults suggest that Arg283, the residue that is not conserved in

spastin, is essential for katanin function. Moreover, in contrast

to katanin, which by itself had little effects on MT intensity and

structure (see Figure 3A), spastin alone was sufficient to cause

a substantial loss in MT mass (i.e., ‘‘severing’’ of MTs) when

overexpressed at low to moderate levels (Figures 5B and 5C;

Table S4). Furthermore, TTLL7, which markedly augmented ka-

tanin activity (see Figures 3A and 3B; Table S4), had no additional

effect on spastin-induced MT severing (Figures 5B and 5C;

Table S4), suggesting that spastin and katanin remodel MTs in

distinct ways.

The AAA modules in spastin and katanin are preceded by

N-terminal regions, which contain an MIT domain, a linker, and

in spastin an MT-binding domain (MTBD) (Figure 5A). To investi-

gate the role of the non-homologous N-terminal regions, we

generated chimeric proteins (Figure 5A) and examined whether

and how they affected katanin-mediated MT looping or spas-

tin-mediated reduction of MT intensity in interphase HeLa

cells. The chimeric protein spastinN-Kp60AAA, a fusion protein

composed of the N-terminal region of spastin (spastinN) and

the AAA ATPase domain of Kp60 (Kp60AAA), exhibited activities

similar to Kp60-WT with respect to inducing MT looping. In

particular, spastinN-Kp60AAA failed to induce MT looping on its

own, but its activity was markedly enhanced by TTLL7 (Fig-

ure 5D; Table S4). These results further support the notion that

the AAA ATPase cassette but not the N-terminal region of

Kp60 is responsible for recognizing the glutamylated motifs in

MTs. In addition to inducing MT looping, we unexpectedly found

that spastinN-Kp60AAA exhibited a phenotype not displayed by

Kp60-WT in that spastinN-Kp60AAA markedly reduced MT inten-

sity even in the absence of TTLL7, which was similar to spastin

(Figures 5B and 5C; Table S4). Conversely, we also generated

a chimeric protein Kp60N-spastinAAA, composed of the

N-terminal region of Kp60 (Kp60N) to the AAA domain of spastin

(spastinAAA). In contrast to spastin-WT, which showed punctuate
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localization in the cytosol and reduced MT mass, Kp60N-

spastinAAA was expressed diffusely in the cytoplasm and dis-

played no activity (Figures 5B and 5C; Table S4). Neither MT

looping nor reduction of MT intensity was observed in cells

expressing Kp60N-spastinAAA. Similar results were obtained in

interphase U2Os cells (Figures 5E and 5F; Table S4). The facts

that (1) spastinN confers Kp60 the ability to reduce MT intensity

and (2) spastin completely loses MT-severing activity by attach-

ing Kp60N suggest that the N-terminal regions of katanin and

spastin play an essential role in determining how MT-severing

proteins interact and remodel their substrate.

DISCUSSION

Despite the strict convergence and the functional significance of

the PL structures in AAA ATPases, surprisingly little is known

about how the loops are positioned and exactly how they partic-

ipate in substrate recognition or remodeling. In this study, we

reveal the structure of PL1 and identify Arg283, a residue unique

to katanin, as a key player for accessing of the CTT of tubulin and

for the activity of katanin. Arg283 is highly conserved among

katanin orthologs. In sea urchin, the equivalent residue is histi-

dine, which is also a basic amino acid, and mutating this residue

completely abolishes katanin activity (Johjima et al., 2015). Given

that subtilisin, a protease that cleaves off CTT, renders MTs

resistant to katanin-induced severing (McNally and Vale, 1993),

it has long been suggested that CTT harbors a recognition site(s)

for katanin, but the specific feature(s) or site(s) mediating the

interaction has remained ambiguous. Here we suggest a model

whereby Arg (or His) residues protruding from the hexamer

crown the entry of the catalytic channel and serve as a positively

charged docking motif that captures the negatively charged,

glutamylated side chain in the CTT of tubulin. Supporting this

model, katanin activity became apparent only after increasing

glutamylation in interphase HeLa cells. Our results are in line

with those of previous studies suggesting that katanin functions

Figure 4. Role of Katanin p60 in the Regulation of Axon Growth

(A and B) Representative images (A) and quantification of axon length (B) of adult sensory neurons transfected with sikatna1 and/or Kp60. Inverted images of

transfected neurons immunostained for bIII tubulin are shown. Scale bar, 100 mm.

(C and D) Representative images (C) and quantification of axon length (D) of adult sensory neurons expressing various versions of myc-tagged Kp60. Constructs

used are identical to Figure 3. Neurons were immunostained for bIII tubulin (green) and Myc (red).

All data represent mean ± SEM from at least three independent experiments. ##p < 0.01 and ###p < 0.001, respectively, compared with control (Kruskal-Wallis

test with Dunn’s multiple-comparisons test). *p < 0.05, **p < 0.01, and ***p < 0.001, respectively; ns, not statistically significant (Kruskal-Wallis test with Dunn’s

multiple-comparisons test). Numbers inside the bars in (B) and (D) indicate total number of neurons pooled from at least three independent experiments. Precise

p values and total numbers of cells analyzed are indicated in Table S4. Scale bar, 100 mm.
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in mitotic spindles, midbodies, and cilia (Lacroix et al., 2010;

McNally and Thomas, 1998), subcellular structures in which

MTs are glutamylated (Bobinnec et al., 1998; Bré et al., 1994).

At this point, it is unclear how many of the six Arg283 residues

of the katanin hexamer participate in the interaction with MTs,

whether multiple Arg283 residues interact with the consecutive

glutamyl side chains from a single branch or with glutamyl resi-

dues attached to different CTTs, for example, of a- and b-tubulin

tails, and so on.

Katanin plays a crucial role in regulating M-phase spindles,

and both the loss of activity and hyperactivity can be delete-

A

B C

D

FE

Figure 5. Effects of Spastin and Katanin on

MT Organization and Intensity

(A) Schematics of the constructs used.

(B and C) HeLa cells were transfected with the

wild-types of spastin or Kp60 or fusion proteins

(Kp60N-SpastinAAA or SpastinN-Kp60AAA) in the

presence or absence of TTLL7. Cells were fixed

at 12 h after transfection and immunostained

as in Figure 3A. Representative images (B) and

quantification of tubulin intensity (C) are shown.

(D) HeLa cells were transfected with Kp60 or

SpastinN-Kp60AAA either alone or together with

TTLL7, and percentage of cells showing MT

looping was quantified.

(E and F) U2Os cells were transfected as indi-

cated, and cells were fixed and analyzed as in (B).

Representative images (E) and quantification of

tubulin intensity (F) are shown.

Yellow arrowheads in (B) and (E) indicate trans-

fected cells. All data represent mean ± SEM from

at least three independent experiments. Numbers

inside the bars in (C) and (F) indicate total

number of cells pooled from at least three inde-

pendent experiments. *p < 0.05, **p < 0.01, and

***p < 0.001, respectively. ###p < 0.001 compared

with control; ns, not statistically significant

(Kruskal-Wallis test with Dunn’s multiple-com-

parisons test). Precise p values and total numbers

of cells analyzed are indicated in Table S4. Scale

bar, 10 mm.

rious (Evans et al., 2005; Stone et al.,

2012). It is therefore important to con-

trol katanin activity, and katanin levels

are stringently controlled by proteolytic

degradation pathways during cell cycle

progression (Cummings et al., 2009;

Maddika and Chen, 2009; Pintard

et al., 2003). In neurons, the expression

of katanin is developmentally regulated

and katanin levels peak during the

most active phases of axon growth (Ah-

mad et al., 1999; Karabay et al., 2004).

However, katanin continues to be ex-

pressed after development and is widely

distributed throughout the neuron (Yu

et al., 2005), arguing that additional

mechanisms that control katanin activity

exist to avoid potentially destructive,

uncontrolled severing of MTs. It has been suggested that the

MT-binding protein Tau protects MTs from katanin-mediated

severing by physically interfering with the access of katanin

to MTs (McNally et al., 2002; Qiang et al., 2006). Conversely,

our results suggest that glutamylation plays a role to activate

katanin. Glutamylation levels may vary along the length of an

MT, and glutamylation of a certain length at a specific location

in the polymer may recruit katanin to a defined site on MTs

for the mechanistic attack to take place and thereby play a

role in locally restricting katanin action within a discrete region

along MTs.
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Katanin and spastin have a high sequence homology and

overall structural similarity in their catalytic domains, but previ-

ous studies suggest non-identical functions and mechanism of

action, especially in cells (Yu et al., 2008; Zhang et al., 2007).

First, in striking contrast to katanin, overexpression of spastin

alone was sufficient to induceMT severing, and spastin’s activity

was not promoted by TTLL7. In cells, the initiation of glutamyla-

tion and the elongation of side chains are controlled by distinct

TTLLs: TTLL4, 5, and 7 initiate glutamylation and prefer the addi-

tion of short side chains (or monoglutamylation), whereas TTLL6,

11, and 13 are responsible for elongation of glutamylation or pol-

yglutamylation (Janke, 2014; van Dijk et al., 2007). Notably,

Lacroix et al. (2010) showed that only TTLL6 and 11 activated

spastin, whereas TTLL4, 5, and 7 had no effect. Therefore, gluta-

mylation may not be an absolute requirement for spastin activa-

tion, but its activity can certainly be enhanced by the addition of

long side chains or polyglutamylation (Lacroix et al., 2010; Valen-

stein and Roll-Mecak, 2016). We think that Arg283, a residue

unique in katanin, is responsible for specifically recognizing short

side chains, or monoglutamylation. At this stage, however, the

mechanism by which polyglutamylation recruits and affects the

activities of katanin and spastin is unclear. Second, activation

of katanin (with co-expression of TTLL) induced MT looping,

whereas overexpression of spastin reduced MT mass, a phe-

nomenon that was not recapitulated by katanin, and vice versa.

Different MT remodeling activities were attributed to the non-

homologous or specific motifs (or domains) in the two enzymes.

MT loop formation required Arg283, whereas the reduction ofMT

mass required the N-terminal domain of spastin.

In cells, the final outcome of MT remodeling mediated by

MT-severing enzymes might depend on the site and the number

of free ends created by dislodging tubulin subunit(s) from the MT

lattice. In some cases, dislodging of tubulin subunits can trigger

a catastrophic breakdown of the MT lattice and eventually

reduce MT mass, whereas in others, tugging events can change

the structure of MTs and induce, for example, MT looping or

bundling. In the latter, MT-severing events might not necessarily

lead to chopping of the entire lattice, especially when only a

small number of tubulin subunits is dislodged, and/or when the

internal break(s) within the polymer is (are) protected by certain

MAPs. A recent study (Vemu et al., 2018) suggests that the ac-

tions of MT-severing enzymes in living cells are more construc-

tive than what has been observed in in vitro assays. In cells, a

number of mechanisms may be involved in determining the

type of MT ‘‘severing,’’ and the affinity of the severing enzymes

for the substrate is likely to play a part. Spastin contains an

MTBD that is both necessary for MT severing and sufficient for

MT binding (White et al., 2007), whereas a comparable domain

in katanin has not been defined. The MIT domain in the N-termi-

nal region of Kp60 can bind to MTs (Hartman and Vale, 1999) but

perhaps with low affinity (Iwaya et al., 2010), and the association

between katanin and MTs might be stabilized by other proteins

(Hartman et al., 1998; Jiang et al., 2017). It is plausible that the

high affinity of MTBD in spastin for MTs may allow spastin to

dwell on the polymer and dislodge multiple tubulin subunits to

the extent to trigger a catastrophic breakdown, whereas Kp60

with low MT-binding affinity disrupts tubulin-tubulin contacts

but not to the extent to provoke disassembly of the entire poly-

mer. Supporting this notion, Kp60 gained MT ‘‘severing’’ activity

by attaching spastinN in the fusion protein, spastinN-Kp60AAA,

and likewise, spastin lost severing activity when spastinN was

replaced by Kp60N in Kp60N-spastinAAA.

This study suggests that MT-severing enzymes possess

unique motifs that enable recognition of distinct features in

MTs to perform non-identical functions. Such motifs might

determine the site of action, MT-binding affinity, time spent on

MTs, orientations of the hexameric rings on the MT lattice, or

any combination thereof. The context can be more complicated

when considering a repertoire of MAPs and other regulatory

proteins expressed in cells. Evidently, further work is warranted

to delineate the precise mechanism by which MT-severing

enzymes recognize and remodel MTs, especially in a dynamic

cellular environment in which the distribution and levels of a

given PTM, as well as local concentrations and activities of

MAPs, change in response to physiological and pathological

cues.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All procedures were conducted according to the animal welfare guidelines approved by the Institutional Animal Care and Use Com-

mittee of the Korea Institute of Science and Technology (KIST, Seoul, Korea) and Seoul National University (Seoul, Korea). Ten- to

twelve-week-old female ICR mice (weighing from 30 to 35 g) were purchased from DBL (Eumseong, Korea) and housed in the Korea

Institute of Science and Technology Animal Facility and Seoul National University (Seoul, Korea).

Primary culture and transfection of dorsal root ganglion (DRG) neurons
Procedure to dissect and culture neurons from adult DRGs is described in detail elsewhere (Jang et al., 2016). Briefly, DRGs were di-

gested in collagenase A (1 mg ml-1, 90 min), followed by trypLE (0.05%, 20 min) at 37�C, and then washed three times with MEM con-

taining 10% fetal bovine serum (FBS). Neurons were dissociated, centrifuged to remove the supernatant, and resuspended in 80 mL of

Lonza electroporation buffer with mixtures of siRNAs (Dharmacon, sequence of sikatna1-1: ccacacaguaaccggccaa; sequence of si-

katna1-2: gccuguaccuguugagcga) and/or katanin constructs. Suspended cells were then transferred to a 2.0-mm cuvette, followed

by electroporation with the Lonza Nucleofector apparatus. After electroporation, cells were immediately transferred to the desired vol-

umeofprewarmeddissociationmediumandplatedonglass coverslips coatedwith amixture of 100 mgml-1 poly-D-lysine and10mgml-1

laminin.After neuronsattached to thesubstrates, themediumwaschanged toMEMculturemediumcontaining5%FBS,penicillin/strep-

tomycin, 20 mM 5-fluoro-2-deoxyuridine and 20 mM uridine. DRG neurons were fixed after 48 hr and analyzed for axon growth.

Culture and transfection of HeLa cells
HeLa cells were plated on a glass coverslip coated with 10 mg ml-1 poly-D-lysine at a density of 53 104 cells per well (24-well plate)

and cultured in DMEM containing 10% FBS and penicillin/streptomycin. Polyethylenimine (Polysciences) was used for transient

transfections according to the manufacturer’s protocol and transfected cells were fixed after 12 hr for immunostaining.

METHOD DETAILS

Plasmid construction
Human katanin p60 (SWISS-PROT entry: O75449) and spastin isoform2 (SWISS-PROT entry: Q9UBP0) geneswere amplified by PCR

and cloned into the pCS2 expression plasmid, incorporating Myc tag on the N terminus. The AAA ATPase domain (183-491) from

Kp60 was cloned into a pET-32a vector (Novagen) which generates a thioredoxin-hexahistidine tag at the N terminus of the protein.

The catalytically inactive (E309Q) mutant, various single point mutants at position Arg283 (R283A, R283V, R283E, R283K), and the

three pore loop deletion mutants (Kp60-DPL1, Kp60-DPL2, and Kp60-DPL3 with deletion of residues 278-328, 312-328, and

360-366, respectively) were made using a site-directed mutagenesis kit (Stratagene). Two chimeric proteins were generated:

spastinN-Kp60AAA comprised of the residues 120-283 of spastin fused to AAA domain of katanin (183-491) and Kp60N-spastinAAA

comprised of residues of 1-77 of katanin fused to residues 284-583 of spastin.

Protein expression and purification
The Kp60AAA was expressed in Escherichia coli Rosetta (DE3) strain (Novagen). Cells were grown at 310 K in Luria–Bertani medium

containing ampicillin (100 mg ml-1) and expression was induced by 0.5 mM IPTG at 18�C overnight. Cells were harvested by centri-

fugation and were re-suspended in buffer containing 20 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM b-mercaptoethanol and 0.2 mM

phenylmethylsulfonyl fluoride (PMSF) prior to disruption by sonication. The crude lysate was centrifuged at 18,000 rpm (Hanil) for

30 min at 277 K and the cell debris was discarded. The supernatant was loaded onto a nickel-chelated Hi-trap column (GE

Healthcare) and eluted with a linear gradient of 25-500 mM imidazole in 20 mMHEPES (pH 7.4), 150 mMNaCl, and 2 mM b-mercap-

toethanol. Fractions were pooled based on SDS–PAGE analysis and were subjected to thrombin treatment overnight at room

temperature. The pooled fractions were further purified by gel filtration on HiLoad 26/60 Superdex-200 (GE Healthcare) which

was pre-equilibrated with 20 mMHEPES (pH 7.4), 150 mMNaCl, 5mM EDTA, and 2 mMDTT. The purified protein was concentrated

to 15 mg/ml using a VIVASPIN20 (Sartorius) concentrator and stored at 193 K until use. All mutants were purified following the same

protocol as the wild-type. The selenomethionine (SeMet)-substituted Kp60AAAE309Q was produced in the methionine auxotroph

E. coli B834 (DE3) (Novagen) and purified using the same procedure as Kp60AAA.

Size-exclusion chromatography
To analyze the oligomerization status of Kp60AAA in solution, the hydrodynamic volumewas determined using Superdex-200 10/300

GL column (GE Healthcare) installed on FPLC protein purification system (GE Healthcare). The Kp60AAA, mutants and molecular
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weight markers (Sigma) were prepared separately in the buffers containing 20 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM DTT, and

5mM EDTA. The markers used are ferritin (445 kDa), b-amylase (200 kDa), and albumin (66 kDa).

Size-exclusion chromatography with multi-angle light scattering (SEC-MALS)
SEC-MALS experiments were performed using a high performance liquid chromatography system (Shimadzu), equipped with a

DAWN HELEOS IITM 18-angle MALS light scattering detector, an Optilab T-rEX refractive index detector, and ASTRA software

for data analysis (all from Wyatt Technology). About 200 mg of Kp60AAA and Kp60AAAE309Q were injected in each run. The WTC-

030S5 column (Wyatt Technology) was run with buffer containing 20 mM HEPES (pH 7.4), 150 mM NaCl and 1 mM DTT at a flow

rate of 0.5 mL min�1 at 25�C. The ASTRA 6.1 software was used to calculate the molecular mass and a BSA was used as a control

protein.

Small angle X-ray scattering (SAXS) data collection and analysis
SAXS data for Kp60AAA and Kp60AAAE309Q without ATP were collected at the 4C SAXS II beamline of the Pohang Light Source II in

Pohang, Korea. X-ray beam used awavelength of 0.675 Å. A volume of 50 mL sample (protein concentration at�30 mM)was placed in

a quartz cell at 25�C. The SAXS data were collected in 5 successive frames of 0.1 min each to monitor radiation damage. There was

no radiation damage was detected during the scattering measurements. Measurements of protein solutions were carried out over a

small concentration range 0.5 �2.0 mg/mL, in order to obtain good quality scattering data without any interferences of protein mol-

ecules (i.e., concentration effect). Each 2D SAXS pattern was circularly averaged from the beam center and normalized to the trans-

mitted X-ray beam intensity, which was monitored with a scintillation counter placed behind the sample. The scattering of 40 mM

Tris-HCl (pH 8.0) buffer solution was used as the experimental background. Both Kp60AAA and Kp60AAAE309Q data fit well with

the theoretically calculated model based on the Guinier plot (Figure 1C and Table S1). For Kp60AAA radius of gyration (Rg) and

maximum interatomic distance (Dmax) values were calculated to be 60.62 ± 0.501 and 201.2 Å while the corresponding values

were 56.40 ± 0.0453 and 169.6 Å for Kp60AAAE309Q. The molecular mass derived from the estimated Porod volume was almost

similar to the calculated Mr (see Table S2).

Crystallization, data collection, and structure determination
Diffraction quality crystal of both the native and the SeMet-substituted Kp60AAAE309Q were obtained using hanging-drop vapor diffu-

sion by mixing equal volume of 12 mg/ml Kp60AAAE309Q in 20 mM HEPES (pH 7.4), 150 mM NaCl, and 2 mM DTT with a reservoir

solution containing 0.3 M Lithium citrate acetate (pH 6.0) and 20% (v/v) PEG 3,350. For the ATP bound structure, proteins were incu-

bated with 5mM ATPgS and 10 mM MgCl2 for 24 hr prior to crystallization. Diffraction quality crystals Kp60AAA complexed with

ATPgS (Kp60AAA+ATPgS) were obtained by mixing equal volume protein solution with a reservoir solution containing 0.4 M calcium

acetate and 20% (v/v) PEG 3,350. All crystals were cryoprotected using the reservoir solution supplemented with 25%–30% addi-

tional glycerol andwere flash-frozen in liquid nitrogen prior to data collection. All diffraction data were collected at 100 K on the ADSC

Quantum 315r CCD detector at the 5C SB-II beamline of Pohang Light Source in Pohang, Korea, and the datasets were processed

and scaled using the programDENZO and SCALEPACK fromHKL2000 program suite (Otwinowski andMinor, 1997). The structure of

Kp60AAAE309Q was solved by the MR-SADmethod using PHENIX (Adams et al., 2010), and the Kp60AAA+ATPgS complex structure

was solved by molecular replacement using the Kp60AAAE309Q from this study as a search model by program MOLREP (Vagin and

Teplyakov, 2010) from the CCP4 suite (Potterton et al., 2003). The model building was done using the programs COOT (Emsley and

Cowtan, 2004) and the structures were refined with CNS (Br€unger et al., 1998), REFMAC5 (Murshudov et al., 1997) and PHENIX

(Adams et al., 2010). The finalmodels have 91.2%and 95.3%of all residues in the favored regions of the Ramachandran plot, respec-

tively, as validated by MolProbity (Chen et al., 2010). Statistics are presented in Table S3. Solvent accessible area and interaction

area were calculated by PISA (http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html). The sequence alignment was performed using

ClustalW and the image was produced using ESPript 3.0 (http://www.espript.ibcp.fr). The figures were generated using PyMOL

(http://www.pymol.org). Statistics on data collections and refinements are given in Table S3.

Immunostaining
To analyze axon growth, neurons were fixed and detergent-extracted in pre-warmed 4% paraformaldehyde (PFA) dissolved in PBS

containing 0.15% glutaraldehyde and 0.2% Triton X-100 at 37�C for 20 min. To label MTs of HeLa cells, cells were first incubated in

MT-stabilizing butter (MTSB) containing 1 mM dithiobis succinimidyl proprionate for 10 min, and then in MTSB solution containing

4%PFA and 0.1% Triton X-100 for 15 min. After washing with PBS, cells were incubated in 100mM glycine-containing PBS for 5 min

and then washed with PBS. All steps were performed at room temperature unless stated otherwise. Fixed cells were blocked in

blocking solution (2% BSA, 0.2% Triton X-100 in PBS) and then incubated sequentially with primary and secondary antibody

solutions. Primary antibodies were used: mouse anti-bIII-tubulin (TuJ1) (1:1,000, Sigma T8578), rabbit anti-Myc (1:1000, Santa

Cruz SC-789), mouse anti-GT-335 (1:1000, Adipogen AG-20B-0020) and rat anti-Tyr-tub (1:1000, Millipore MAB1864). Alexa Fluor

conjugates (1:1,000, Molecular Probes A11029, A11012, and A21247) were used as secondary antibodies. Nuclei were stained

with Hoechst 33342 (1: 5,000, Molecular Probes H3570).
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Imaging and analysis of axon length
For measurement of axon growth, all images were captured with a CCD camera controlled by the ZEN software (Carl Zeiss

MicroImaging, Inc.). Neurons harboring at least one process longer than twice the diameter of cell body were photographed. Images

analyses were performed using the ‘measure/curve’ application of ZEN (Carl Zeiss MicroImaging, Inc.) or NeuronStudio (http://

research.mssm.edu/cnic/tools-ns.html, default settings). After processing with NeuronStudio, all images were manually inspected

and errors were corrected by an investigator blinded to experimental conditions. At least 30 neurons per condition were measured

in each experiment unless stated otherwise and at least three independent experiments were performed to compute the mean and

SEM values.

Morphological analyses of MTs
Representative fluorescence images of HeLa cells were acquired with a 40x (NA 1.15 water immersion) or 100x objective (NA 1.40 oil

DIC M27). For analysis of MT structures, all images were acquired using an inverted confocal laser-scanning microscope (LSM 700;

Carl Zeiss) equipped with solid-state lasers (405, 488, 555, and 639 nm). Interphase cells expressing the plasmid of interest were

randomly chosen and MT arrays in each cell were manually inspected. MT looping phenotype referred to an unusually high degree

of curvature of MTs, leading to the formation of MT loops throughout the cells. The number of cells showingMT looping was counted

and presented as a percentage value of the total number of transfected cells. For quantification of tubulin fluorescence signal, all

samples from any set of the experiment were processed side-by-side and images were captured with identical system settings.

Fluorescence intensities for tyrosinated tubulin were measured from entire cells expressing the plasmid of interest, background

levels were subtracted, and normalized against the average fluorescence intensity values for tyrosinated tubulin of neighboring

untransfected control cells, from which background levels were also subtracted.

Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was isolated from DRG neurons with TRI Reagent (Life Technologies) and RNA was reverse transcribed by using Moloney

murine leukemia virus reverse transcriptase (Promega ImProm-II Reverse transcription system). For quantification of mRNA,

real-time PCR was performed using SYBR Green Master mix (Enzynomics) and ABI step one plus machine (Applied Biosystems).

The sequences of the forward and reverse primers for mouse kanta1 pairs were 50- ctttaaggcgtcgtctggag-30 and 50- ctatgctcg

caaggttgaca-30.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined from a minimum of three independent experiments. All statistical analyses were performed

with Prism (GraphPad Software, Inc.). Prior to determining statistical significance, the Shapiro-Wilk test was performed to assess

normality. Normal distributions were analyzed using parametric test (ANOVA for comparing means of three or more groups (Figures

3B-3E and S5A) and t test for comparing themeans of two (Figure 5D). Non-normal distributions were analyzed using non-parametric

test (Mann-Whitney U test for comparing two groups (Figures 5C and F) and Kruskal-Wallis test followed by a Dunn’s multiple

comparison tests as post hoc test for comparing three or more groups (Figures 4B, 4D, 5C, and 5F). *, ** and *** in the figures denote

p < 0.05, 0.01, and 0.001, respectively, and precise p values are specified in Table S4. All data shown are mean ± SEM All data

presented were obtained from at least three independent experiments. Total numbers of cells pooled from at least three independent

experiments are indicated in the bar graph of each figure.

DATA AND SOFTWARE AVAILABILITY

The coordinates and structure factors for Kp60AAAE309Q and Kp60AAA complexed with ATPgS reported in this paper have been

deposited in the Protein Data Bank under accession codes 5ZQL and 5ZQM, respectively. The data that support the findings of

this study are available from the corresponding authors on request.
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