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SUMMARY
Microtubules have spatiotemporally complex posttranslational modification patterns. How cells interpret this
tubulin modification code is largely unknown. We show that C. elegans katanin, a microtubule severing
AAA ATPase mutated in microcephaly and critical for cell division, axonal elongation, and cilia biogenesis,
responds precisely, differentially, and combinatorially to three chemically distinct tubulin modifications—
glycylation, glutamylation, and tyrosination—but is insensitive to acetylation. Glutamylation and glycylation
are antagonistic rheostats with glycylation protecting microtubules from severing. Katanin exhibits graded
and divergent responses to glutamylation on the a- and b-tubulin tails, and these act combinatorially. The
katanin hexamer central pore constrains the polyglutamate chain patterns on b-tails recognized produc-
tively. Elements distal to the katanin AAA core sense a-tubulin tyrosination, and detyrosination downregu-
lates severing. The multivalent microtubule recognition that enables katanin to read multiple tubulin modifi-
cation inputs explains in vivo observations and illustrates how effectors can integrate tubulin code signals to
produce diverse functional outcomes.
INTRODUCTION

Microtubules, polymers of ab-tubulin heterodimers, are essential

cytoskeletal components. They give structure to cells, build

morphologically varied structures such as spindles, cilia, and

flagella, and serve as tracks for intracellular transport. To support

these diverse functions, microtubule networks are constantly re-

modeled by motors and microtubule-associated proteins

(MAPs) that aid their nucleation and growth, disassembly, and

organization. How the action of these effectors is precisely coor-

dinated spatially and temporally is an active frontier in microtu-

bule research.

Microtubules have chemically diverse posttranslational modi-

fications, including acetylation, methylation, detyrosination, glu-

tamylation, and glycylation (reviewed by MacTaggart et al.1 and

Roll-Mecak2). Recent discoveries firmly point to microtubule

posttranslational modifications acting as part of a ‘‘tubulin

code’’ that, together with tubulin isotypes, regulates the recruit-

ment and activity of microtubule effectors (reviewed by Roll-

Mecak2). The levels, types, and spatial distribution of microtu-

bule posttranslational modifications are stereotyped in cells,

and dysregulation of modification patterns causes human pa-

thologies, including neurodegeneration and cancers (reviewed
Developmental Cell
by Bodakuntla et al.3 and Wattanathamsan et al.4). Axonemes

of cilia and flagella are especially enriched with tubulin modifica-

tions. Axonemal tubulin can have as many as 22 glutamates5,6

and 40 glycines.7 These modifications display precise and ste-

reotyped patterns, such that even adjacent microtubules have

distinct chemical signatures. For example, the A tubule in the

microtubule doublet is mostly tyrosinated, while the attached B

tubule is detyrosinated, glutamylated, and glycylated. Specific

outer doublet microtubules also have different glutamylation

levels.8,9 The microtubules in the central doublet are mostly de-

tyrosinated and have low glutamylation levels.10–12 Dynamic mi-

crotubules at cilia tips have no detectable polyglycylation.13

Most tubulin in the mammalian brain is glutamylated and detyr-

osinated, and thesemodifications can occur on the same tubulin

dimer.14 Brain tubulin has a preponderance of 3–6 glutamates on

a- and b-tubulin and as many as 11 and 7 glutamates, respec-

tively,15 and tubulin modifying enzymes are upregulated during

neuronal differentiation.16 The spatial segregation of modifica-

tions in neurons is striking. Stable microtubules in axons are

enriched in acetylation, detyrosination, and glutamylation, and

dynamic microtubules in growth cones are mostly unmodified/

tyrosinated.17,18 Modifications are spatially segregated even

within the dense microtubule bundles in dendrites with stable,
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acetylated microtubules in the core of the bundle and the dy-

namic, tyrosinated microtubules arranged concentrically at the

periphery.19 These precise, stereotyped organizations indicate

regulatory pathways for the patterning of modifications and their

subsequent readout by effectors. Indeed, modification-depen-

dent interactions regulate microtubule dynamics,20 organelle

distribution,21 axonal trafficking,22,23 and ciliary beating.12,24

Despite knowing about this tubulin diversity for decades, we

are still in the early stages of understanding how modifications

affect microtubule regulators, individually and in combination,

largely due to the lack of in vitro reconstitution systems until

very recently.2

Modifications concentrate on the intrinsically disordered

C-terminal tails of tubulin, which form a dense lawn on themicro-

tubule surface. Katanins are a subfamily of microtubule-severing

enzymes,25,26 important in cellular processes ranging from cilia

biogenesis and axonal elongation to phototropism. They require

tubulin C-terminal tails for activity (reviewed by Lynn et al.27 and

McNally et al.28). Katanins belong to the superfamily of AAA

ATPases (ATPases associated with diverse cellular activities)

and consist of a catalytic subunit, p60, and a regulatory subunit,

p80.27 They perform their functions by extracting tubulin sub-

units from microtubules, thus both remodeling the microtubule

through healing with soluble GTP-tubulin as well as severing it

along its length.29 Katanin severing releases microtubules nucle-

ated by the g-TURC complex,30–33 and katanin loss leads to

disorganized spindles and defects in chromosome segrega-

tion.34–38 Katanin participates in cilia biogenesis39–43 and has

been implicated in deciliation.44 In neurons, katanin family mem-

bers are important for axonal outgrowth30,45 and branch forma-

tion,46 programed dendrite pruning,47 and dendrite branching.48

Consistent with their broad roles, katanin mutations cause cere-

bral malformations such asmicrocephaly and autism49–51 as well

as cancers.52

Not surprisingly, dysregulated, or excessive microtubule

severing by katanin, is deleterious (reviewed by McNally

et al.28), as exemplified by the tight regulation of katanin at the

transcriptional, translational, and posttranslational levels.28 Ka-

tanin disassembles microtubules by forming a hexamer that en-

gages the b-tubulin tail and dislodges the tubulin subunit out of

the microtubule,29,53 a mechanism common among AAA

ATPases.54,55 Given the centrality of the tubulin tails to kata-

nin-mediated microtubule severing, posttranslational modifica-

tions, overwhelmingly concentrated on tubulin tails, are prime

candidates to regulate katanin. Indeed, mutation of glutamyla-

tion sites on Tetrahymena tubulin phenocopies katanin

loss,42,56 and katanin overexpression leads to selective loss of

the ciliary B tubule,42 which is highly glutamylated.10,57 More-

over, defects caused by partial katanin depletion can be rescued

by overexpressing the glutamylase TTLL6.58 However, we do not

know whether and how katanin responds directly to tubulin

modifications. Spastin, a closely related severing enzyme, is

regulated by glutamylation.59,60 It is not clear whether katanin re-

sponds the same to modifications as, unlike spastin, katanin

functions as part of a complex with its regulatory subunit61 and

these enzymes are not functionally redundant in vivo.

Here, we use recombinantly engineered and differentially

modified microtubules to establish how the complex chemical

landscape of the microtubule cytoskeleton regulates katanin.
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We show that katanin serves as a hub that integrates multiple

chemically diverse tubulin modifications. We find that katanin re-

sponds differently to glutamylation on the a- and b-tubulin tails,

with a-tail glutamylation being strongly stimulatory and b-tail glu-

tamylation eliciting a biphasic response. Glutamylation on these

two tails acts combinatorially, with glutamylation on the b-tail

depressing the stimulation elicited by a-tubulin glutamylation.

Structural modeling of katanin bound to glutamylated tubulin

tails sheds light on the molecular mechanism for this differential

regulation. Unlike spastin, we find that katanin senses the tyrosi-

nated a-tubulin tail through elements distal to its motor core and

is inhibited by detyrosination. This inhibition can be overcome by

glutamylation, demonstrating the combinatorial regulation of

different tubulin modifications. Lastly, by generating differentially

glycylated microtubules, we show that katanin binding and

severing are proportionally inhibited by glycylation. This

inhibition is operational also on glutamylated microtubules.

Thus, glutamylation and glycylation act as antagonistic rheostats

for katanin recruitment, with glycylation establishing exclu-

sionary zones protected against severing. Our work shows that

different glutamylation patterns introduced by distinct tubulin

tyrosine ligase-like (TTLL) enzymes are interpreted differentially,

providing a molecular explanation for the diversification of TTLL

enzymes in organisms with complex microtubule arrays. Our

work also provides a molecular mechanism for in vivo observa-

tions in many model systems and shows how katanin uses its

multivalent microtubule recognition to read multiple tubulin

modification inputs for precise spatial and temporal control

in cells.

RESULTS

a-tail polyglutamylation proportionally enhances
katanin
Tubulin glutamylation involves the addition of glutamates to in-

ternal glutamates in tubulin tails.62–65 It is catalyzed by TTLL en-

zymes, specialized in adding either mono- or polyglutamate

chains of variable lengths to either a- or b-tubulin tails.66,67 Glu-

tamylation is prevalent in neurons,15,68 as well as in cilia.5,6 Kata-

nin localizes to glutamylated microtubules.42,59,69,70 However,

whether katanin responds directly and quantitatively to glutamy-

lation or to the pattern of glutamylation on the a- versus b-tubulin

tails remains unknown. This is a central question because the a-

and b-tails contribute differently to katanin activity,53, and a- and

b-tubulin glutamylation levels are regulated differently during

development.22

To generate microtubules with defined glutamylation levels,

we purified unmodified human tubulin71 and used recombinant

glutamylases to modify it in vitro. We first modified taxol-

stabilized microtubules with TTLL6, which prefers to modify

a-tails66,67 (Figure S1A; STAR Methods). TTLL6 localizes to

cilia12,72 and is highly expressed in ciliated tissues, where it is

important for cilia biogenesis and function.73 Glutamylation

was quantified using reverse-phase liquid chromatography

mass spectrometry (LC-MS; STAR Methods). Using micro-

scopy-based assays (STAR Methods) we found that katanin

recruitment to microtubules increases gradually and monoton-

ically with a-tail glutamylation (Figures 1A–1C and S1B). This

increase in microtubule binding is accompanied by an increase



Figure 1. Proportional stimulation of microtubule severing by polyglutamylation on the a-tubulin tail by TTLL6

(A) Katanin association with unmodified and glutamylated microtubules with increasing glutamylation levels added by TTLL6. The weighted mean of the number

of glutamates (<nE>) added to a- and b-tubulin are denoted a + <nE>; b + <nE>. Assays at 4 nM katanin, 1 mM ATP; scale bar, 5 mm.

(B) Katanin recruitment to microtubules increases with TTLL6-catalyzed glutamylation levels. Katanin levels normalized to those on unmodified microtubules;

n = 52, 75, 52, and 62 microtubules from multiple chambers for unmodified and <nE>a �1.1, 2.9, and 6.9, respectively.

(C) Normalized katanin levels bound to microtubules as a function of glutamates added on a-tubulin by TTLL6.

(D) Severing of unmodified and glutamylatedmicrotubules with increasing glutamylation levels added by TTLL6. Time after end of katanin perfusion shown above.

Reactions at 20 nM katanin, 1 mM ATP; cellular katanin concentrations �3–28 nM.74–76 Yellow arrows, severing. Scale bars, 5 mm.

(E) Severing increases with TTLL6-catalyzed glutamylation levels. Severing rates normalized to that of unmodified microtubules (STARMethods); n = 152, 18, 32,

and 24 microtubules from multiple chambers for unmodified and <nE>a �1.1, 2.9, and 6.9, respectively.

(F) Normalized severing as a function of glutamates added on a-tubulin by TTLL6; mean and SD, p value ***p % 0.001 and ****p % 0.0001 by Mann-Whitney or

t test. LC-MS of microtubules and additional data in Figure S1.
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in severing (Figures 1D–1F and S1C). At a mean glutamate

number (<nE>) of �3 on a-tubulin, severing is enhanced

�5-fold. At <nE>a �7, severing is enhanced �9-fold compared

with unmodified microtubules. Katanin undergoes microtubule-

templated hexamerization that activates it for severing.77 To

distinguish between the effects of glutamylation on katanin

associated with the microtubule versus its activation once on

the microtubule, we performed assays with differentially gluta-

mylated microtubules in which we established the minimum ka-

tanin concentration needed to observe a severing event. This

experiment was performed over a long observation period, an

order of magnitude longer than the time needed to reach

steady-state binding. These measurements revealed that the

minimum katanin concentration at which a severing event is

observed decreases with TTLL6-mediated glutamylation (Fig-

ure S1E), from �4.5 nM for unmodified microtubules to

�1 nM for microtubules with <nE>a �5, suggesting that the as-

sembly of a severing-active species increases concomitant

with a-tubulin glutamylation. Consistent with this, binding as-

says at 4 nM katanin and with the slow-hydrolysable ATP

analog ATPgS, which promotes katanin hexamerization, show

a less pronounced dependence of katanin binding with gluta-

mylation than with ATP (Figure S1F), and binding in the pres-

ence of ATPgS has a shallower dependence on glutamylation

(Figure S1G) than severing at the same enzyme concentration

of 20 nM (Figures 1E and 1F). We cannot measure binding af-
finity at 20 nM katanin and ATP because the enzyme severs the

microtubules before measurements are complete. Thus, TTLL6

glutamylation increases katanin microtubule association and

lowers the activation energy for severing as a function of gluta-

mylation level.
b-tail polyglutamylation biphasically enhances and
inhibits katanin
Next, we modified microtubules preferentially on b-tubulin tails

using TTLL7 (STARMethods; Figure S2A).60,78,79 TTLL7 is critical

for neurite outgrowth and is upregulated during neuronal differ-

entiation.80 It also localizes to cilia.67 As for TTLL6, we find that

katanin microtubule association increases monotonically with

glutamylation (Figures 2A–2C). However, unlike for TTLL6-modi-

fied microtubules, severing gradually increases with glutamyla-

tion but then decreases above a threshold (Figures 2D–2F).

The transition between stimulation and inhibition occurs at

<nE> �7.2 on b-tubulin, where severing is enhanced �3-fold

over unmodified microtubules (Figures 2E and 2F). Spastin has

a similar biphasic response.60 Higher glutamylation levels are

inhibitory, even though they do not decrease kataninmicrotubule

binding (Figure S2B). Interestingly, b-tubulin glutamylation by

TTLL7 stimulates severing to a lesser extent than a-tubulin

glutamylation by TTLL6: at <nE>a of 2.9, severing is enhanced

�5-fold, but only �3-fold at <nE>b of 3.5. Similarly, at <nE>a of
Developmental Cell 57, 2497–2513, November 7, 2022 2499



Figure 2. Biphasic regulation of severing by polyglutamylation on the b-tubulin tail by TTLL7

(A) Katanin association with unmodified and glutamylated microtubules with increasing glutamylation levels added by TTLL7. Assays at 4 nM katanin, 1 mM ATP;

scale bar, 5 mm.

(B) Katanin recruitment to microtubules increases with TTLL7-catalyzed glutamylation levels. Katanin levels normalized to those on unmodified microtubules;

n = 67, 37, 34, 47, and 24microtubules frommultiple chambers for unmodified and <nE>b�3.5, 7.2, 10.0, and 21.1, respectively. Note: one data point of 16.51 for

binding to <nE>b �21.1 is above the y axis limit.

(C) Normalized katanin levels bound to microtubules as a function of glutamates added on tubulin by TTLL6 (open squares) and TTLL7 (filled circles); <nE>ab,

weighted average of glutamates on tubulin.

(D) Severing of unmodified microtubules and microtubules with increasing glutamylation levels introduced by TTLL7. Reactions at 20 nM katanin, 1 mM ATP;

yellow arrows, severing. Scale bars, 5 mm.

(E) Severing varies biphasically with TTLL7-catalyzed glutamylation levels. Severing rates normalized to those of unmodified microtubules; n = 40, 15, 9, 15, and

20 microtubules from multiple chambers for unmodified and <nE>b �3.5, 7.2, 10.0, and 21.1, respectively.

(F) Normalized severing as a function of glutamates added on tubulin by TTLL6 (open squares) and TTLL7 (filled circles). Mean and SD, p value p > 0.05 (ns), **p%

0.01, ***p % 0.001, and ****p % 0.0001 by two-tailed t test. LC-MS of microtubules and additional data in Figure S2.
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6.9, katanin severing is enhanced �9-fold, but only �3-fold at

<nE>b of 7.2 (Figure 2F).

Readout of b-tail glutamylation by the katanin pore
The observed response to TTLL6 and 7-mediated glutamylation

on microtubule severing could be due to the position and length

of the glutamate chains added by these enzymes and the

different functions that the a- and b-tubulin tails have in kata-

nin-mediated severing. The b-tail is threaded through the katanin

central pore and required for severing, while the a-tail contrib-

utes to binding but is not essential.53 TTLL6 adds long glutamate

chains preferentially on a-tubulin at E443,66 while TTLL7 can add

chains at multiple positions in the b-tail.79,81 MS/MS mapping of

the TTLL7-introduced glutamylation sites on the bI-tail show

preferential glutamylation at E441, followed by E438, and to a

lesser extent at E439, E442, and E443 (Figures 3A, S3A, and

S3B; STAR Methods). Extracted-ion chromatograms (XICs) for

bI-tail peptide species with increasing glutamate numbers

show a gradual decrease in the dominant peak for glutamylation

at E441 and a gradual appearance of additional peaks for tails

modified at additional sites (Figure S3A). Katanin uses two elec-

tropositive interconnected spirals in its central pore (pore dimen-

sions in Figure S4A) to coordinate the glutamate-rich b-tail

essential for severing.53 We wanted to gain an atomic-level
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understanding of whether and how polyglutamate branches

can be accommodated in the katanin pore. We modeled katanin

in complex with tubulin tails having one or two glutamate

branches at positions determined from our MS/MS data. Energy

minimization of these structures showed that all models have

excellent geometry, with no clashes in the substrate-binding

pore (Figures 3B and 3C and S4B–S4H; Table S1; STAR

Methods). These models revealed that a single poly-Glu branch

can be accommodated at any position and can run in either of

the two directions, parallel to the tubulin tail (Figures 3E, 3F,

S4C, and S4D; Models 1 and 2 in Table S1; Data S1), providing

additional binding energy and enhancing severing. The addition

of a second branch, one or more residues long (Figures 3A, 3G,

3H and S4E–S4H; Models 3–6 in Table S1; Data S1), can be

accommodated, but with restrictions. Specifically, the second

branch can be accommodated in either polarity at any position

if the second branch is short and does not overlap with the first

one (Figures 3G, S4E; Model 3 in Table S1). A longer branch can

be accommodated only in the opposite polarity from the first one

(Figures 3H and S4F–S4H; Models 4–6 in Table S1; Data S1),

otherwise there are steric clashes between the second branch

and pore loops (20.12 clash score versus zero for the other

branch configurations [Table S1; Figure 3H]). Once the second,

longer poly-Glu branch is added, there is an entropic penalty



Figure 3. Digital regulation of katanin severing by polyglutamate branch structure

(A) Positions of glutamate chains added by TTLL7 on the b-tail. Main poly-Glu chain, green box, secondary poly-Glu chain, magenta box. Additional minor species

detected shown in bracket. For MS/MS spectra and XIC, see Figure S3. b-tail residues beyond DATA are intrinsically disordered and not visible in microtubule

cryo-EM reconstructions.82,83

(B) Left, side-view, right, top-view through the pore of themodeled katanin hexamer (gray and light gray for alternating protomers, labeled P1 throughP6), bound to a

b-tubulin tail (yellow)with two poly-Glu branches (branch 1, green, six glutamates; branch 2,magenta, seven glutamates, branch geometry as inModel 5 in TableS1).

(C) Coordination of the polyglutamylated tail by katanin pore loops 1 (PL1, orange) and 2 (PL2, brown).

(D–H) Schematics of tubulin tails (yellow) with different poly-Glu branch structures (green andmagenta) in the katanin pore. Branched peptide geometries that can

be accommodated in the pore are labeled ‘‘YES’’; geometries that cannot are labeled ‘‘NO.’’ Severing activity level indicated with checkmarks, (D); a single poly-

Glu branch of any length can be accommodated in the katanin pore in either polarity, Models 1 and 2 in Table S1; Data S1, (E and F); a second poly-Glu branch can

be accommodated in either polarity if it is short so that it is not juxtaposed with the first branch, Model 3 in Table S1; Data S1, (G); two long poly-Glu branches can

be accommodated only if of opposite polarities, Models 4–6 in Table S1; Data S1, (H). No more than two polypeptide chains (tail + one poly-Glu branch) can be

accommodated at the same pore height—overlap highlighted with gray transparent boxes. The substrate is too wide to fit without clashes in the katanin pore

when the two branches are juxtaposed (Model 7 in Table S1; Figure S4I; Data S1).
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because only a subset of configurations is compatible to bind in

the pore. If two branches overlap, the three polypeptide chains

(tubulin tail and the two poly-Glu branches) do not fit in the

pore (Figures 3G, 3H, and S4I; Model 7 in Table S1; Data S1).

Thus, second poly-Glu branches can be added in any configura-
tion if short. They become inhibitory when juxtaposed with the

primary branch at any position along their length as they thread

through the pore. At higher glutamylation levels, with two gluta-

mate chains initiated by TTLL7, most configurations that the

poly-Glu branches sample are not compatible with translocation.
Developmental Cell 57, 2497–2513, November 7, 2022 2501



Figure 4. Combinatorial regulation by polyglutamylation on a- and b-tubulin tails
Bubble chart of normalized microtubule severing (A) and binding (B), as a function of glutamylation on a- (y axis) and b-tubulin (x axis). <nE>a and <nE>b, weighted

average of glutamates on a- or b-tubulin, respectively. Scatter plots of these data and LC-MS of microtubules in Figure S5.
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The increase in binding with increased b-tail glutamylation

(Figures 2A–2C) indicates that katanin is still able to bind some

of these chain structures, which provide additional negative

charges that the electropositive pore loops recognize; however,

these branch configurations do not allow the enzyme to

assemble productively around themodified tail to extract tubulin,

thus resulting in gradual inhibition beyond <nE> �7 (Figures 2E

and 2F). Consistent with this, theminimum katanin concentration

at which TTLL7-glutamylated microtubules are severed initially

decreases from 4.5 to 3.5 nM, but then slowly increases with

glutamylation levels (Figure S2C), unlike for TTLL6-glutamylated

microtubules, where this concentration shows a monotonic

decrease (Figure S1E).

Combinatorial regulation by glutamylation on a- and
b-tubulin tails
In cells, microtubules are modified combinatorially by multiple

TTLLs. We thus sought to understand how the combined gluta-

mylation on a- and b-tubulin by TTLL6 and 7 regulates katanin.

We identified a series of conditions that result in a wide range

of glutamylation levels on a- and b-tubulin (Figures 4, S5A, and

S5B, STAR Methods), which are within ranges found in vivo.

Severing assays with these differentially modified microtubules

show that glutamylation on a- and b-tubulin synergize for higher

activity when the glutamate number on the b-tail is in the stimu-

latory regime (<nE>b <�7; Figure 4A). Once b-tubulin glutamyla-

tion is in the inhibitory regime (<nE>b >�7), the increase in gluta-

mates on the a-tail cannot relieve this inhibition, even though

increased a-tubulin glutamylation increases katanin microtubule

binding (Figures 4B, S5B, and S5E). Thus, the addition ofmultiple

poly-Glu branches on the b-tail acts as a dominant negative for

severing, despite contributing to increased microtubule binding,

consistent with our structural analyses which show that multi-

branch configurations on the b-tail lead to unproductive binding

to the microtubule (Figure 3). Lastly, when examining microtu-

bules with similar overall glutamate numbers on ab-tubulin

(<nE>ab), severing is higher for microtubules with higher numbers

of glutamates on a-tubulin. Taken together, these data indicate

that severing is stimulatedmost onmicrotubules with the highest

fraction of glutamylation on a-tubulin (Figure 4A), while microtu-

bule recruitment increases with increasing glutamylation of both

a- and b-tubulin (Figure 4B).
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Binary regulation of katanin by the detyrosination/
tyrosination cycle
Given the contribution of the a-tail to kataninmicrotubule binding

and the stimulation of microtubule binding and severing by its

glutamylation, we examined whether a-tubulin detyrosination

also regulates katanin. Detyrosination involves the reversible

removal of the a-tubulin terminal tyrosine. It regulates the

activity of microtubule effectors, including dynein/dynactin,84,23

MCAK,85,86 andCLIP-170.20,87We thus generated detyrosinated

microtubules through enzymatic modification by vasohibin-1

complexed with the small vasohibin binding protein (VASH1/

SVBP) (Figure S6A; STARMethods).88,89 Experiments with these

microtubules showed that detyrosination decreases katanin

microtubule binding (Figures 5A and 5B), while also decreasing

severing (Figures 5C and 5D). The stimulatory effect of the termi-

nal tyrosine is also supported by experiments with recom-

binant engineered tyrosinated and detyrosinated microtubules

(Figures S6B and S6C). The closely related severing enzyme

spastin does not distinguish between tyrosinated and detyrosi-

nated a-tubulin.60 Unlike spastin, katanin functions in

complex with a regulatory subunit, p80. The microtubule inter-

acting and trafficking (MIT) domain and linker in the catalytic

p60 subunit, together with the a-helical C-terminal domain of

p80 (p80C), form a high-affinity microtubule-binding module

(Figure 5E).90–93 TIRF-based microtubule-binding assays with

recombinant, isotypically pure, tyrosinated and detyrosinated

a1A/bIII microtubules show that this p60/p80 microtubule-bind-

ingmodule (DAAA katanin) is sufficient to sense tyrosination. The

terminal tyrosine makes a dominant contribution to the binding

energy because removal of the entire a-tubulin tail has no further

significant effect (Figure 5F). Previous work showed that katanin

p60 is more potently inhibited by tyrosinated a-tubulin tail pep-

tides fused to BSA than detyrosinated ones.94 Our ATPase as-

says show very weak ATPase stimulation of the p60 subunit

by the a-tail, regardless of tyrosination status (Figure S6D).

This contrasts with the b-tail, which binds in the katanin central

pore and stimulates the ATPase,53 and indicates that the a-tail,

in isolation, does not promote hexamerization by binding to the

AAA central pore. Thus, the tyrosinated a-tail is sensed by ele-

ments outside the catalytic AAA core, consistent with a model

where the AAA core engages the b-tubulin tail while additional in-

teractions with the a-tail are made through the flexible katanin



Figure 5. Microtubule detyrosination inhibits katanin-mediated severing, and polyglutamylation can overcome this inhibition

(A) Katanin association to unmodified tyrosinated and detyrosinated microtubules. Scale bars, 5 mm.

(B) Normalized katanin bound to tyrosinated and detyrosinated microtubules. Assays at 4 nM katanin, 1 mM ATP; n = 19 tyrosinated and 24 detyrosinated

microtubules from multiple chambers.

(legend continued on next page)
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Figure 6. Katanin is not regulated by

a-tubulin Lys40 acetylation

(A) Severing of unmodified and acetylated micro-

tubules. Yellow arrows, severing events. Scale bar,

5 mm.

(B) Normalized severing of unmodified and acety-

lated microtubules. Reactions at 20 nM katanin,

1 mM ATP; n = 89 and 92 microtubules from mul-

tiple chambers for unmodified and acetylated,

respectively.

(C) Normalized katanin levels bound to unmodified

and acetylated microtubules. Binding performed

at 4 nM katanin, 1 mM ATP; n = 38 and 49 un-

modified and acetylated microtubules, respec-

tively, from multiple chambers. All error bars, SD;

p value > 0.05 (ns) by Mann-Whitney test. LC-MS

of microtubules and additional data in Figure S7.
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arms, which harbor an additional microtubule-binding module

sensitive to tyrosination.

Glutamylation overrides katanin inhibition by
detyrosination
In cells, glutamylation and detyrosination are frequently found on

the samemicrotubule. Both modifications accumulate onmicro-

tubules with long lifetimes (reviewed by Yu et al.95). Because

a-tail glutamylation is strongly stimulatory and detyrosination is

inhibitory, we investigated the combinatorial effect of these

two modifications. We found that polyglutamylation on either

the a- or b-tail overcame the inhibitory effect of detyrosination,

with a-tubulin glutamylation having the strongest effect

(Figures 5G–5I). At <nE>a �1, detyrosinated microtubules are

severed as effectively as tyrosinated microtubules. At higher

<nE>a, glutamylation was strongly stimulatory (Figures 5G and

5H). Similarly, glutamylation on b-tubulin can overcome the

inhibitory effects of detyrosination, such that at <nE>b �4,

severing activity is comparable to that on tyrosinated microtu-

bules (Figure 5I). This enhancement over the detyrosinated sub-

strate persists at higher glutamylation levels. Thus, katanin can

effectively remodel long-lived microtubules that have accumu-

lated both detyrosination and glutamylation marks.

Lys40 acetylation has no effect on katanin
Glutamylated and detyrosinated microtubules are also

frequently acetylated.96,97 This overlap has made it difficult to

establish causation in cellular experiments. Previous studies in

fibroblasts reported a higher sensitivity to severing by katanin

of microtubules acetylated on a-tubulin Lys40.98 Unlike detyrosi-

nation and glutamylation, which alter tubulin tails on the outside

microtubule surface, Lys40 a-tubulin acetylation occurs in the

microtubule lumen,99–101 where it cannot be directly sensed by
(C) Severing of unmodified tyrosinated and detyrosinated microtubules. Yellow a

(D) Normalized severing of tyrosinated and detyrosinated microtubules. Reactio

microtubules, respectively, from multiple chambers. LC-MS of microtubules and

(E) Domain organization of C. elegans katanin showing interactions between p60

(F) Microtubule binding of p60DAAA/p80Cterm to recombinant human tyrosinated

tails (a1ADtail/bIII); n = 22, 24, and 22 tyrosinated, detyrosinated, and a-tailless m

(G) Severing of detyrosinated microtubules (left) and detyrosinated microtubules

(H and I) Severing of detyrosinated microtubules with progressively higher glutam

modified microtubules. Filled circle, tyrosinated, open square, detyrosinated mic

ATP; nR 29 microtubules from multiple chambers. All error bars, SD. p value p >
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katanin. Acetylation alters the conformation of a loop close to

lateral polymerization interfaces99 and allows microtubules to

bend without breaking.102,103

Given the connection between acetylation and the strength of

microtubule lattice interactions, as well as cellular studies point-

ing to acetylation as a possible regulator of severing,98 we exam-

ined katanin activity on acetylated microtubules generated by

in vitro enzymatic modification using tubulin acetyltransferase

(Figure S7A).71 Contrary to in vivo observations, acetylation

does not affect katanin microtubule association or severing (Fig-

ures 6 and S7B). Because acetylation at Lys40 affects lateral in-

teractions between protofilaments, and Taxol binds between

protofilaments and changesmicrotubule rigidity as well as lattice

parameters,83,104 we also assayed GMPCPP microtubules to

exclude any confounding effects from Taxol. These experiments

also showed no effect of acetylation (Figures S7C, S7D, and

S7E). Therefore, the correlation betweenmicrotubule acetylation

and higher severing in cells is due to other factors, likely glutamy-

lation, which we now show is stimulatory for severing and

frequently also found on stable microtubules that are acetylated.

Our results are consistent with experiments in Tetrahymena that

showed no increased katanin binding to acetylated microtu-

bules.70 Katanin is inhibited by microtubule-associated proteins,

such as MAP4, tau, and MAP2,105–107 and the higher sensitivity

to severing of acetylated microtubules in vivo could also reflect

an exclusion of protective microtubule-associated proteins.

Microtubule glycylation inhibits katanin binding and
severing
Because populations of pure glycylated microtubules have hith-

erto been unavailable, this is the biochemically least well under-

stood among tubulin modifications characterized by the cova-

lent addition of amino acids. Glycylation is highly abundant in
rrows, severing. Scale bar, 5 mm.

ns at 20 nM katanin, 1 mM ATP; n = 24 and 31 tyrosinated and detyrosinated

additional data in Figure S6.

and p80 subunits.

(a1A/bIII), detyrosinated (a1ADY/bIII), andmicrotubules missing their a-tubulin

icrotubules, respectively from multiple chambers.

glutamylated by TTLL6 (right). Yellow arrows, severing. Scale bar, 5 mm.

ylation levels added by TTLL6 (H) or TTLL7 (I), normalized to severing of un-

rotubules with different glutamylation levels; severing at 20 nM katanin, 1 mM

0.05 (ns), *p% 0.05, ***p% 0.001, and ****p % 0.0001 by Mann-Whitney test.



Figure 7. Katanin binding and severing is inhibited by glycylation

(A) Severing of unmodified, monoglycylated and polyglycylated microtubules. The weighted mean of the number of glycines (<nG>) added to a- and b-tubulin are

denoted a + <nG>; b + <nG>. Yellow arrows, severing events. Scale bar, 5 mm.

(B) Severing decreases with glycylation levels; rates normalized to those on unmodified microtubules; n = 68, 20, 30, 30, and 30 microtubules from multiple

chambers for unmodified, a+0.9 G b+1.8 G, a+5.8 G b+7.7 G, a+6.0 G b+12.9 G, and a+10.2 G b+14.6 Gmicrotubules, respectively. Reactions at 20 nM katanin,

1 mM ATP. LC-MS of microtubules and additional data, Figure S8.

(C) Normalized severing as a function of total glycines on the tubulin dimer <nG>ab.

(D) Katanin association with microtubules decrease with glycylation; katanin levels normalized to those on unmodified microtubules; n = 112, 77, 25, 18, and 18

microtubules from multiple chambers for unmodified, a+0.9 G b+1.8 G, a+5.8 G b+7.7 G, a+6.0 G b+12.9 G, and a+10.2 G b+14.6 G microtubules, respectively.

LC-MS of microtubules in Figure S8.

(E) Normalized katanin levels bound to microtubules as a function of total glycines on the tubulin dimer, <nG>ab.

(F) Kymographs showing katanin binding to unmodified, monoglycylated, polyglycylated, and polyglutamylated microtubules. Katanin concentration 8 nM for all

conditions in (D–F) except glutamylation, where 4 nM was used due to the higher binding affinity. Scale bars, 10 s (horizontal), 5 mm (vertical).

(G) Background-corrected fluorescence of katanin p60DAAA/p80Cterm bound to microtubules at various concentrations. Gray, unmodified, light green,

monoglycylated a+1.4 G b+2.1 G, dark green open circles, polyglycylated a+6.3 G b+8.8 G, dark green filled circles, polyglycylated a+9.1 G b+14.6 G. n R 22

microtubules for each condition. Scatter plots of this data, Figure S9C.

(legend continued on next page)
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the axonemes of cilia and flagella, where it is important for their

stability.73,108 Katanin is important for cilia biogenesis42 as well

as deciliation.44,109 Axonemal tubulin can have as many as 40

and 26 glycines on a- and b-tubulin, respectively.7 In mice,

loss of glycylation affects axonemal dynein conformation,

resulting in sperm motility.24 Thus, it is important to uncover

the effectors through which glycylation performs its function

and the effect of this modification on axonemal proteins.

Unlike glutamylation, where TTLLs can both initiate and elon-

gate glutamate chains, glycine chains are added through the

action of two distinct enzyme classes (reviewed by Garnham

et al.111): one that strictly initiates the chain by adding one glycine

to an internal glutamate (monoglycylation) and one that catalyzes

elongation from this glycine to form a polyglycine chain (polygly-

cylation).108,110We reconstituted tubulin glycylation in vitro by us-

ing recombinant TTLL3, amonoglycylase,81 andTTLL10, an elon-

gase (Figure S8; STAR Methods). Addition of only monoglycines

to a- and b-tubulin by TTLL3 reduced severing (Figures 7A and

7B). Elongation of polyglycine chains from these monoglycines

(<nG>a �5.8 and <nG>b �7.7) further decreased severing by

79% compared with unmodified microtubules, with almost com-

plete inhibition at <nG>ab �25 (Figures 7B and 7C). Monoglycyla-

tion and polyglycylation both inhibit katanin recruitment to micro-

tubules proportional to glycylation levels (Figures 7D, 7E, S9A,

and S9B). This decrease in binding is in stark contrast with the

stimulation elicited by poly-Glu of comparable length (Figures 1

C, 2C and 7F). A katanin construct missing the AAA domain

also shows a reduction inmicrotubule binding as a function of gly-

cylation (Figures 7G and S9C), indicating that the inhibition is not

mediated exclusively through interactions between the AAA pore

and the glycylated tubulin tail, which is less electronegative and

bulkier because of the added glycines, but also through microtu-

bule-binding interfaces outside the AAA core, by direct masking

of interfaces or indirectly through conformational changes.

We also investigated the combined effects of glycylation and

glutamylation, a situation that could be relevant to cilia. We

first glutamylated microtubules with TTLL6 and thenmonoglycy-

lated with TTLL3. Glutamylation by TTLL6 and glycylation by

TTLL3 are carefully choreographed during cilia biogenesis,

with TTLL6 glutamylation appearing early, and required for

their biogenesis, and monoglycylation later, and required for

maintenance.73 As cilia mature, polyglutamylation gradually de-

creases while polyglycylation increases.42 LC-MS experiments

showed that TTLL3 glycylated the glutamylated tubulin species

(Figure S9D). We then extended the polyglycyl chains using

TTLL10 (STARMethods). Themass spectra of the polyglycylated

species were too complex to enable us to assign exact glycine

numbers for each species; however, we could estimate polygly-

cylation levels by performing western blot analyses with anti-

bodies that recognize poly-Gly chains108,112 and calibrating

these against samples with known poly-Gly levels (Figure S9E).
(H and I) Mono- and polyglycylation inhibit severing of TTLL6-glutamylated micr

microtubules for each condition from two chambers.

(J) Background-corrected fluorescence of katanin bound to themicrotubules in (G

for each condition from two chambers. All error bars, SD; p > 0.05 (ns), *p% 0.05, *

and two-tailed t test (in G and J).

(K) Differential and combinatorial regulation of katanin by the tubulin code.
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These experiments revealed that the severing of glutamylated

microtubules is progressively inhibited by mono- and polyglycy-

lation (Figures 7H and 7I). Polyglycylation can inhibit even the

severing of microtubules with high glutamylation levels, which

are on their own highly stimulatory, returning severing close to

that of unmodified microtubules (Figure 7I). This reduction in

severing occurs even though similar katanin levels are recruited

to the microtubule under these conditions (Figure 7J), suggest-

ing that polyglycylation cannot overcome the stimulatory effects

on binding elicited by polyglutamylation, but still inhibits severing

due to an impairment in the activation of katanin, likely due to

defective assembly of the enzyme around the polyglycylated

tubulin tails. Taken together, our experiments demonstrate that

glycylation is a potent inhibitor of katanin.

DISCUSSION

Our work demonstrates that katanin is a hub that responds

quantitatively to three chemically distinct tubulin posttransla-

tional modifications, modulating its microtubule binding and

severing activities. As polymers that explore most of the cellular

space, microtubules are the largest signaling platforms, able to

integrate inputs from distant sites. As has been prominently

shown, e.g., in mitogenic signaling, posttranslational modifica-

tions, most notably phosphorylation, are key to controlling and

organizing the crosstalk between molecules recruited to

signaling platforms. Analogously, recent studies revealed that

chemically diverse posttranslational modifications pattern the

microtubule network, controlling the specificity and timing of

recruitment of microtubule effectors (reviewed by Roll-

Mecak2). We show that tubulin modifications elicit complex

and divergent functional outputs from katanin. Polyglutamylation

of a-tubulin by TTLL6 increases both microtubule binding and

severing, proportional with the number of added glutamates

(Figures 1 and 7K). This direct regulation by TTLL6 offers amech-

anistic explanation for recent in vivo work that shows TTLL6

overexpression rescues axonal pathfinding errors due to partial

katanin depletion.58 It also explains why katanin preferentially

severs the axonemal B tubules,42 which are glutamylated.12 Ka-

tanin also participates in the formation of the central pair inmotile

cilia by severing microtubules close to the cilium tip.113 As kata-

nin severs the elongating outer doublet microtubules, the result-

ing seeds are stabilized and organized for elongation into the

central pair. Interestingly, mutations in the tubulin tail that abolish

glutamylation and glycylation also result in loss of the central pair

in Tetrahymena,42,56 as do TTLL6mutations, raising the possibil-

ity that glutamylation may help to specify severing during

ciliogenesis.

In contrast to the stimulatory effects of glutamylation, by

reconstituting glycylated microtubules in vitro, we show that gly-

cylation by TTLL3 and TTLL10, also highly abundant in cilia,
otubules with low (H) or high (I) glutamylation levels (STAR Methods); n R 14

) at various concentrations and in the presence of ATPgS; nR 19microtubules

*p% 0.01, ***p% 0.001, and ****p% 0.0001 byMann-Whitney (in B, D, H, and I)
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decreases both katanin microtubule binding and severing (Fig-

ure 7). Inhibition is proportional with glycine number. Further-

more, the inhibitory effect of glycylation is also operational onmi-

crotubules that are already glutamylated by TTLL6, a situation

relevant to function in cilia. Glutamylation is required for cilia

biogenesis,73 while glycylation accumulates as cilia mature, con-

trols their length,114,115 and is required for their stability.73,104,111

In the absence of glycylation, cilia disassemble. The inhibition of

katanin severing by glycylation could be one component that

participates in modulating cilia stability.

Glutamylation on the b-tail by TTLL7, a glutamylase whose

expression increases with, and is important for, neuronal

differentiation,80 regulates katanin severing biphasically. This

biphasic response is due to the ability of the katanin hexamer

to thread through its pore two polypeptide chains simulta-

neously, the b-tubulin tail and one polyglutamate chain of any

length, and its inability to accommodate two polyglutamate

chains on the b-tail if they are juxtaposed, regardless of polarity

(Figure 3). This constraint on molecular recognition of the modi-

fied tubulin tail explains why spastin shows a similar response to

b-tail glutamylation,60 as the two enzymes have similar pore

sequences and architectures.53,116,117 The closely related AAA

ATPase, VPS4, can accommodate a circular peptide in its

pore,118 further supporting our finding that the pore for this sub-

class of AAA ATPases is wide enough to accommodate two

polypeptide chains. Other AAA ATPases, such as ClpXP and

the proteosome, can translocate two polypeptide chains through

their pores.119–122

a- and b-tubulin glutamylation affect axonal transport differ-

ently,22 suggesting that the differential effect of glutamylation

on a- and b-tubulin that we now demonstrate in vitro for severing

enzymes may have parallels more broadly in other effectors. Our

work demonstrates, in an in vitro reconstituted system, that there

is regioselectivity to the readout of tubulin glutamylation and that

this modification does not act simply by adding global negative

charge to tubulin, providing a mechanistic explanation for the

functional diversification of TTLL glutamylases. Moreover, the

different effects on severing of hyperglutamylation of a- versus

b-tubulin, and the combinatorial mechanism with which they

can act, illustrates that phenotypes that result from loss of

CCP1 deglutamylase activity on both a- and b-tubulin123 cannot

be easily interpreted in the absence of more quantitative

mechanistic investigations. For example, hyperglutamylation

on a-tubulin enhances severing, but concomitant hyperglutamy-

lation on b-tubulin acts as a dominant negative and will inhibit

severing (Figure 4).

It was previously proposed that polyglycylation does not only

change the overall charge on the tubulin dimer but also leads

to masking of the microtubule surface by the tubulin tails,124 as

polyglycine peptides favor compact, collapsed conformations,

unlike polyglutamate peptides, which prefer extended confor-

mations.125 Indeed, recent molecular dynamics simulations

showed that polyglutamylated tubulin tails are extended, while

polyglycylated ones collapse close to the microtubule sur-

face.126 We now show that poly-Gly chains block the productive

interaction between the katanin pore and tubulin tail, while also

masking additional interfaces that interact with katanin outside

its AAA core (Figure 7G). Thus, glutamylation and glycylation

not only change the net charge on tubulin tails—which are recog-
nized by electrostatic interactions with katanin, both in the pore

and accessory microtubule-binding-domains53—but also con-

trol access to the microtubule surface differently: the extended

polyglutamate chains increase the odds of productive collision,

with the tails acting as a lasso to recruit katanin, while polygly-

cine chains block interactions.

By modulating two polymodifications, glutamylation and gly-

cylation, cells can elicit a wide range of functional outputs. Gly-

cylation and glutamylation are not evenly distributed along the

axoneme9,114 and they anti-correlate in their abundance,108,115

at least partly due to overlappingmodification sites.81,127 Conse-

quently, they can provide localized areas of protection against

severing or concentrate severing activity in a small region, poten-

tially during deciliation. Many proteins bindmicrotubules through

interactions between their positively charged motifs and the

negatively charged tubulin tails.128 We hypothesize that gluta-

mylation and glycylation can create gradients of attachment

and detachment of proteins along the axoneme. Future work us-

ing in vitro glycylated microtubules generated with the method

we describe here will establish whether glycylation functions

as a more general inhibitor of microtubule interactions.

Unlike spastin,60 katanin activity is higher on tyrosinated mi-

crotubules (Figures 5A–5F and S6). The a-tail terminal tyrosine

is recognized by a microtubule-binding platform outside the

AAA core which comprises the MIT domain, poorly conserved

with spastin, and the p80 regulatory subunit, not shared with

spastin. This tyrosination recognition module shows no homol-

ogy to known tyrosination sensors such as CLIP-170 Cap-Gly

domains or MCAK.85,129 Interestingly, katanins can assemble

with multiple regulatory subunits.37,130 These are not as well-

conserved as the catalytic subunit, and are thought to target ka-

tanins for distinct functions in the cell.27,28 Part of this specializa-

tion could also stem from different responses to microtubule

modifications. The downregulation by detyrosination that we

observe can be rescued by glutamylation on either the a- or

b-tails (Figures 5G–5I). The experiments in this study were con-

ducted with C. elegans katanin and human microtubules. Given

the high degree of sequence conservation among species, espe-

cially in the central pore that coordinates the modified tubulin

tail, we anticipate qualitatively similar responses for mammalian

katanins, especially for glutamylation and glycylation. An inter-

esting area of investigation will be how the various proteins

that target and regulate specific katanin isoforms will synergize

with the regulation by tubulin modifications that we report here.

Katanin assembles into a hexamer with the AAA ring at the

center and flexible arms emanating from it that also bind micro-

tubules.131 Because of the multivalent microtubule recognition,

whereby distinct structural units, i.e., the AAA core and the flex-

ible microtubule-binding modules, recognize different tubulin

posttranslational modifications, katanin is not only regulated

differentially by chemically distinct modifications but is also

able to integrate them for quantitatively different outputs. We

anticipate that other modular microtubule-associated proteins

contain multiple tubulin modification recognition motifs that

allow them to integrate different tubulin code inputs for diverse

functional outcomes. The divergent effects of tubulin modifica-

tions that we show here for katanin, make it imperative to

know the tubulin code milieu in which all cytoskeletal

effectors operate in cells. Finally, the different effects of distinct
Developmental Cell 57, 2497–2513, November 7, 2022 2507
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glutamylation patterns and the inhibitory effect of the polyglycine

chains that we uncovered have broader implications for non-

cytoskeletal proteins, such as nucleosome assembly factors

(NAPs) and cyclic GMP-AMP synthase (cGAS), which are regu-

lated by different TTLL enzymes.132,133

Limitations of the study
We performed our severing assays at katanin concentrations

close to those reported in vivo in various cell types74–76; howev-

er, it is possible that the exact magnitude of the effects that we

see in our in vitro assays is different in cells, depending on the

local concentration of katanin, its posttranslational modification

(such as phosphorylation35), as well as the presence of other reg-

ulatory factors such asMAPs, which have been shown to control

katanin access to the microtubule. Our in vitro reconstitution

work will serve as a reference for future studies of katanin regu-

lation in vivo.
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146. Zió1kowska, N.E., and Roll-Mecak, A. (2013). In vitro microtubule

severing assays. Methods Mol. Biol. 1046, 323–334.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-polyGly rabbit polyclonal Rogowski et al.108; Xia et al.134 N/A

Anti-a-tubulin DM1a mouse monoclonal Sigma Cat# T9026; RRID: AB_477593

LICOR IRDye 680LT Goat anti-Mouse IgG (H + L) LI-COR BioScience Cat# 926-68020; RRID: AB_10706161

LICOR IRDye 800CW Goat anti-Rabbit IgG (H + L) LI-COR BioScience Cat# 926-32211; RRID: AB_621843

Bacterial and virus strains

E.coli BL21 (DE3) NEB Cat# C2527H

E. coli Arctic Express (DE3) Agilent Cat# 230192

E. coli Rosetta2(DE3)pLysS Novagen Cat# 71401

Chemicals, peptides, and recombinant proteins

GMPCPP Jena Bioscience Cat# NU-405L

Catalase from bovine liver Sigma Aldrich Cat#C40

Glucose Oxidase from Aspergillus niger Sigma Aldrich Cat#G7141

Pluronic F-127 Life Technologies Cat#P6866

Casein Sigma Aldrich Cat#C5890

Neutravidin Life Technologies Cat#31000

C.elegans Katanin MEI-1/MEI-2 This study (Zehr et al.131) N/A

Human Unmodified Tubulin from tSA201 Cells This study (Vemu et al.71) N/A

H.sapiens a1A-Tubulin (NP_001257328) H.sapiens

bIII-Tubulin (NM_006077)

Chen et al.20, Vemu et al.82 N/A

H.sapiens a1A-Tubulin detyrosinated H.sapiens

bIII-Tubulin (NM_006077)

Chen et al.20 N/A

H.sapiens a1A-Tubulin tailless (aa 1-439) H.sapiens

bIII-Tubulin (NM_006077)

Chen et al.20 N/A

Porcine Brain Tubulin Cytoskeleton, Inc. Cat# T238P

HiLyte647-Labeled Porcine Tubulin Cytoskeleton, Inc. Cat# TL670M

HiLyte488-Labeled Porcine Tubulin Cytoskeleton, Inc. Cat# TL488M

Biotin-Labeled Porcine Tubulin Cytoskeleton, Inc. Cat# T333P-B

Atto488-Labeled C.elegans Katanin This study (Zehr et al.53) N/A

Atto488-Labeled C. elegans Katanin MEI-1

(aa 1-150)/MEI-2 (aa 68-280)

This study N/A

M. musculus TTLL6 aa 51-502 Mahalingan et al.66 GenBank: NP_766387.2

X. tropicalis TTLL7 aa1-520 Valenstein et al.60 GenBank: NP_001136132.1

X. tropicalis TTLL3 aa 6-569 Garnham et al.81 N/A

X. tropicalis TTLL10 aa 105-570 This study N/A

Human VASH1/SVBP T.R. Brummelkamp

(Netherlands Cancer Institute)

(Nieuwenhuis et al.89)

N/A

D. rerio TAT1 aa 1-196 Szyk et al.,101 Vemu et al.71 N/A

Peptide: VDSVEGEGEEEGEEY Bio-Synthesis Inc/Zehr et al.53 N/A

Peptide: VDSVEGEGEEEGEE Bio-Synthesis Inc N/A

Critical commercial assays

EnzCheckTM Phosphate Assay Kit Thermo Fisher Cat# E6646

Deposited data

Katanin Hexamer In The Spiral Conformation

Bound To Substrate

Zehr et al.53 PDB: 6UGD
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Human: tsA201 Cells Derived From HEK293 Millipore Sigma Cat# 96121229-1VL

Sf9 insect cells Gibco Cat#12659-017

Oligonucleotides

Primers for C.elegans Katanin Mei-1 aa 1-150 in

pCDF-Duet: introducing the stop codon after aa 150:

GGCTGATGTGAAACCGGCGAATtaaACCCAGGGCATT,

AATGCCCTGGGTTTAATTCGCCGGTTTCACATCAGCC

Eurofins Genomics LLC N/A

Primers for C.elegans Katanin Mei-1 aa 1-150 in pCDF-

Duet: insertion of 3C protease site and StrepTagII:

GCTGATGTGAAACCGGCGAATctggaagttctgttccagg

ggccctcagcgtggagccacccgcagttcgagaaataaACCCA

GGGCATTCTGCC, GGCAGAATGCCCTGGGTttatttc

tcgaactgcgggtggct

ccacgctgagggcccctggaacagaacttccagATTCGCCG

GTTTCACATCAGC

Eurofins Genomics LLC N/A

Primers for C.elegans Katanin Mei-2 aa 68-280 with

sortase tag in pMAL C5X: cloning of Mei-2 aa 68-280

to pMAL C5X:

GAATTCcatatgGAAAACCTATATTTCCAATCAAGA

CGTCCATTGCATTCCGAG, GTCGACggatccTTACT

TATGGCTGGAAACTTTTTTCAATCGC

Eurofins Genomics LLC N/A

Primers for C.elegans Katanin Mei-2 aa 68-280 with

sortase tag in pMAL C5X: insertion of sortase tag:

gaaaaaagtttccagccataagGGCGGTGGCGGTTCTCT

GCCGGAAACCGGCGGTtaaAAGCTTgcggccgc,

gcggccgcAAGCTTttaACCGCCGGTTTCCGGCAGA

GAACCGCCACCGCCcttatggctggaaacttttttc

Eurofins Genomics LLC N/A

Recombinant DNA

Human VASH1 in pFastBacTM-based vector T.R. Brummelkamp

(Netherlands Cancer

Institute)

(Nieuwenhuis et al.89)

N/A

Human SVBP in pFastBacTM-based vector T.R. Brummelkamp

(Netherlands Cancer

Institute)

(Nieuwenhuis et al.89)

N/A

H.sapiens a1A-Tubulin and bIII-Tubulin in pFastBacTM-

Dual, Codon Optimized for Baculovirus Expression

Vemu et al.71 N/A

C.elegans Katanin Mei-1 in pCDF-Duet Francis McNally (UC Davis)

(McNally et al.135)

GenBank: NP_492257.1

C.elegans Katanin Mei-2 in pMAL-CRI Francis McNally (UC Davis)

(McNally et al.135)

GenBank: NP_491894.1

C.elegans Katanin Mei-2 with sortase tag in pMAL-CRI This study (Zehr et al.53) GenBank: NP_491894.1

C.elegans Katanin Mei-1 aa 1-150 in pCDF-Duet This study GenBank: NP_492257.1

C.elegans Katanin Mei-2 aa 68-280 with sortase tag

in pMAL C5X

This study GenBank: NP_491894.1

Software and algorithms

ImageJ Fiji Schindelin et al.136 https://fiji.sc

Prism Graphpad https://www.graphpad.com/scientific-

software/prism/

Software for modeling: Coot Emsley et al.137 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

Software for modeling: Phenix Moriarty et al.138 https://phenix-online.org/download/

Software for protein structure image rendering: ChimeraX, Goddard et al.139 https://www.cgl.ucsf.edu/chimerax/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software for protein structure image rendering: UCSF Chimera Pettersen et al.140 https://www.cgl.ucsf.edu/chimera/

MassHunter Agilent https://www.agilent.com/en/product/

software-informatics/mass-

spectrometry-software

PyMOL Schrodinger141 https://pymol.org/2/#page-top

Biorender (part of Figure 7K) Biorender https://biorender.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Antonina

Roll-Mecak (Antonina@nih.gov).

Materials availability
All plasmids used in this study are available upon request from the authors.

Data and code availability
Microscopy and mass spectrometry data reported in this paper will be shared by the lead contact upon request. This paper does not

use any original code. Any additional information required to reanalyze the data reported in this paper is available from the lead con-

tact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Expression in baculovirus system
Recombinant human tubulin, VASH1/SVBP, TTLL3 and TTLL10 were expressed in Sf9 insect cells. Cells were cultured in Sf-900TM III

SFM media (Life Technologies) at 27�C, 125 rpm.

E. coli Expression strains
Katanin was expressed in BL21 (DE3) Competent E.coli (NEB, C2527H). TTLL6 was expressed in E. coli Arctic Express DE3 (Agilent).

TTLL7 and TAT1 were expressed in E. coli Rosetta2(DE3)pLysS (Novagen).

Human cell lines
Unmodified human tubulin was purified from tsA201 cells. tsA201 cells were cultured in Freestyle293 supplemented with 2% FBS

and 1xPenicillin/Streptomycin at 37�C, 125 rpm, 8% CO2, and 70% humidity. For large scale growth, medium contained additional

2 mM glutamine.

METHOD DETAILS

Protein expression, purification and labeling
The katanin p60/p80 heterodimer from C. elegans135 was expressed in E. coli and purified as described previously.131 The DAAA

construct was also co-expressed and purified as a complex (key resource table). Katanin p80 was fused to an Atto488-labeled pep-

tide using Sortase A142 as previously described.53 The microtubule severing activity of the labeled katanin construct is similar to that

of the unlabeled protein.53 TTLL7 and 6 were purified as described previously.66,75 The gene for Xenopus tropicalis TTLL10 (residues

105-570) was cloned into pCoofy28143 (Addgene plasmid # 44004; http://n2t.net/addgene:44004; RRID:Addgene_44004) with an

N-terminal GST tag and bacmid was produced by transformation of DH10EMBacY (Geneva Biotech). Baculovirus was produced

by transfection of and subsequent amplification with ExpiSf9 cells (Thermo Fisher Scientific). Large scale expression was done in

Sf9 cells. Cells were infected at a density of 2.53106 cells/mL with an MOI of 2 and then grown for 48 hrs before harvest. Cells

were lysed using a microfluidizer, and cell lysate was clarified by centrifugation at 450,000 rcf for 60 minutes. The fusion protein

was captured using GST affinity chromatography. TTLL10 was liberated using 3C protease at a 1:500molar ratio. TTLL10was further

purified on a heparin column, followed by size-exclusion chromatography, and flash-frozen in 20 mM Tris pH 8.0, 10 mM MgCl2,

100 mM NaCl, 2 mM TCEP, 10% Glycerol.

Generation of modified microtubules
Generation of glutamylated microtubules. Tubulin was purified from tsA201 cells using TOG1 domain-affinity chromatography71,144

and was subject to a polymerization/depolymerization cycle to remove any remaining microtubule-associated proteins.14,145 Mass
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spectrometry did not detect posttranslational modifications on this purified tubulin.14,71 Unmodified microtubules used in experi-

ments were taxol-stabilized and contained 1-1.5% biotinylated tubulin (Cytoskeleton Inc.)60 and no fluorescent tubulin unless spec-

ified. The choice of taxol-stabilized microtubules eliminates the possible confounding effects of the modifications themselves on

microtubule dynamics. Differentially glutamylated microtubules were obtained by enzymatic treatment with TTLL666 or TTLL760,78

at 1:10 molar ratio of enzyme to tubulin in 20 mM HEPES pH 7.0, 50 mM NaCl, 10 mM MgCl2, 1 mM Glu, 1 mM TCEP, 1 mM

ATP, 10 mM taxol at room temperature. Incubation times for TTLL6 were 1 hr. for <nE>a � 1.1, 7.5 hr. for <nE>a � 2.9, 22 hr. with

TTLL6 added twice at 1:20 molar ratio each for <nE>a � 6.9. Incubation times for TTLL7 were 30 min for <nE>b � 3.5, 1 hr. for

<nE>b � 7.2, 1.5 hr. for <nE>b � 10, 3 hr. for <nE>b �21. The enzyme was removed by a 300 mM KCl salt wash followed by passage

through a 60% glycerol cushion.60 Control microtubules were prepared the same way by either omitting glutamate (TTLL7) or adding

aspartate (TTLL6), which is not a substrate for TTLL glutamylases. To generate microtubules with differentially modified a- and

b-tubulin, unmodified microtubules were first incubated with TTLL6 followed by modification with TTLL7. For microtubules with

long polyglutamate chains on a- and b-tubulin (8 or more Glu on b-tubulin), TTLL6 was first removed by salt wash before addition

of TTLL7. Control microtubuleswere prepared identically, with aspartate substituting for glutamate. The number of glutamates added

to a- and b-tubulin was determined by LC-MS.60,71 The spectra were deconvoluted in MassHunter software (Agilent) and display the

characteristic distribution of masses with peaks separated by 129 Da corresponding to one glutamate (Figures S1, S2, and S5). The

extent of tubulin glutamylation on a- or b-tubulin was determined by calculating the weighted average of peak intensities for each

tubulin species present.

Generation of detyrosinated microtubules. Taxol-stabilized unmodified microtubules were first detyrosinated with 1:50 molar ratio

of human VASH1/SVBP89 for 3 h at 37�C followed by a 300 mM KCl salt wash and centrifugation through glycerol cushion to remove

the enzyme. Completion of the reaction was confirmed bymass spectrometry. Mass spectra displayed a 163 Da shift in the a-tubulin

mass, corresponding to the loss of a tyrosine (Figure S6). Recombinant human tyrosinated (a1A/bIII), detyrosinated tubulin (a1A-Y/

bIII) and tubulin missing the a-tubulin tail (aDtail/bIII) were purified as described in Chen et al.20 and Vemu et al.82 Microtubules were

assembled with 1.5% biotin brain tubulin (Cytoskeleton).

Generation of detyrosinated glutamylated microtubules. Taxol-stabilized unmodified microtubules were glutamylated with either

TTLL6 or TTLL7 as described above. TTLL6 was then inhibited by addition of 1 mM ATPgS followed by addition of human VASH1/

SVBP at 1:20molar ratio to tubulin for 5h at 37�C.Modification enzymeswere removed by a 300mMKCl salt wash and centrifugation

through a glycerol cushion. TTLL7 was removed by a 300 mM KCl salt wash as described above followed by treatment with VASH1/

SVBP at 1:20 molar ratio to tubulin for 3h at 37�C followed by a second 300 mM KCl salt wash to remove VASH1/SVBP. Control ty-

rosinated or detyrosinated microtubules were treated the same way with aspartate instead of glutamate which does not serve as a

substrate for TTLL6 and 7 enzymes under these conditions. The numbers of glutamates added to a- and b-tubulin were determined

by LC-MS. The spectra displayed the characteristic distribution of masses with peaks separated by 129 Da corresponding to one

glutamate.

Generation of acetylated microtubules. Taxol-stabilized unmodified microtubules with 4% fluorescent tubulin (HiLyte647 for bind-

ing assays, HiLyte488 for severing assays, both from Cytoskeleton Inc.) and 1.5% biotinylated tubulin, or GMPCPP-stabilized un-

modified microtubules with 1.5% biotinylated tubulin were acetylated with tubulin acetyltransferase as previously described60,71

at 1:1 molar ratio for 24 h at room temperature. Control microtubules were incubated with coenzyme A instead of acetyl-coenzyme

A. The acetyltransferase was removed by high salt wash as previously described,71 but in the case of GMPCPP-stabilized microtu-

bules, no glycerol cushion was used for centrifugation. Completion of the reaction was confirmed by mass spectrometry. Mass

spectra displayed a 42 Da shift in the a-tubulin mass, corresponding to the addition of a single acetate group. No unacetylated

a-tubulin was detected (Figure S7).

Generation of glycylated microtubules. Taxol-stabilized unmodified microtubules with 1.5% biotinylated tubulin were incubated

with Xenopus tropicalis TTLL381, at 1:10 molar ratio of enzyme to tubulin at room temperature for 16 h in 20 mM HEPES pH 7.0,

10 mM KCl, 5 mMMgCl2, 1 mM TCEP, 1 mM ATP, 1 mM [13C]-glycine and 20 mM Taxol. To obtain polyglycylated microtubules, mi-

crotubules were incubated first with TTLL3 as above, followed by addition of KCl to 50 mM and 1:20 molar ratio of Xenopus tropicalis

TTLL10 and additional 30 min incubation for <nG>a� 5.8, <nG>b� 7.7, and 2 hr. for <nG>a� 6.0, <nG>b� 12.9. To obtain the longest

polyglycine chains with <nG>a� 10.2, <nG>b� 14.6, microtubules were first incubated with 1:5 molar ratio of TTLL3 for 24 h followed

by addition of 1:20 TTLL10 for 3 h. The enzymes were removed by 300 mM KCl salt wash followed by centrifugation through a 60%

glycerol cushion in Brb80 (80mMK-PIPES pH 6.8, 1mMEGTA, 1mMMgCl2), 20 mM taxol for 12min at 109,000 x g at 37�C. The pellet
was washedwith Brb80, 14mM b-mercaptoethanol and 20 mM taxol and resuspended in the same buffer. Control microtubules were

prepared identically but without glycine. The numbers of glycines added to a- and b-tubulin was determined by LC-MS. The spectra

display the characteristic distribution of masses with peaks separated by 58 Da corresponding to one [13C]-glycine (Figure S8). The

extent of tubulin glycylation on a- or b-tubulin was determined by calculating theweighted average of peak intensities for each tubulin

species present.

Generation of glycylated glutamylatedmicrotubules. Taxol-stabilized unmodifiedmicrotubules with 1.5%biotinylated tubulin were

glutamylated with TTLL6. The modification enzyme was removed by a 300 mM KCl salt wash as described above. Then, they were

glycylated with [13C]-glycine by addition of glycylation enzymes: 1:10 TTLL3 for the mono-glycylated samples, or 1:10 TTLL3 fol-

lowed by 1:20 TTLL10 for polyglycylated samples in the conditions described above for the glycylation only reactions. Each sample

was split in half after the glutamylation reaction: half was glycylated and the other half was incubated in the same conditions without

glycine to generate the glutamylated only control. The number of glutamate residues added to tubulin was determined by LC-MS. The
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number of glycines added by TTLL3 in themonoglycylated sample was also determined by LC-MS. The spectra of the polyglycylated

polyglutamylated samples were too complex to allow peak assignment for glycine number determination. The glycine numbers

shown in Figures 7H–7J are based on Western blot analysis calibrated against polyglycylated microtubules with known glycine

numbers as determined by LC/MS. Briefly, microtubules with <nG>ab of 9.4, 15.1, 18.9 and 23.7 as well as polyglutamylated micro-

tubules with unknown amount of polyglycylation were separated by SDS-PAGE and transferred onto a nitrocellulose membrane.

a-tubulin and polyglycylated tubulin were detected with mouse DM1a (Sigma Aldrich) and polyclonal anti-poly-Gly anti-

bodies,108,112,134 respectively. Goat secondary antibodies conjugated with LiCor dyes were used for fluorescence detection. Fluo-

rescent signal wasmeasured, and background corrected. The polyglycylation signal was normalized to the tubulin signal and plotted

as a function of <nG>ab (Figure S9E). The polyglycylation level of polyglutamylated microtubules was approximated from the linear

regression.

MS/MS Analyses
Taxol-stabilized unmodified microtubules were glutamylated with TTLL7 as above but using [13C]-glutamate as substrate to facilitate

the differentiation of the posttranslationally added glutamates from the many glutamates present in the tubulin tails. Reactions were

stopped by addition of 50 mM EDTA. Tubulin was digested in solution with AspN at 1:15 ratio of AspN to tubulin for 8 h at 37�C as

previously described.81 Peptides were desalted and injected into a nano-LC-MS/MS systemwhere an Ultimate 3000 HPLC (Thermo-

Dionex) was coupled to an Orbitrap Lumos mass spectrometer (Thermo Scientific) via an Easy-Spray ion source (Thermo Scientific).

The composition of mobile phases A and B was 0.1% formic acid in HPLC water, and 0.1% formic acid in HPLC acetonitrile, respec-

tively. The Thermo Scientific Orbitrap Lumos mass spectrometer was operated in data-dependent mode. The MS1 scans were per-

formed in orbitrap with a resolution of 120K and amass range of 400-1600m/z, and an automatic gain control (AGC) value of 2 x 1e5.

The MS2 scans were conducted in ion trap with an AGC target of 3 x 1e4. Two LC-MS/MS runs were performed for each sample. In

the first run, peptides were separated on an ES800 Easy-Spray column (75-mm inner diameter, 15 cm length, 3 mm C18 beads;

Thermo Scientific). The LC-MS/MS data acquisition was performed without a priority list and normal mass range was used for

MS2 scan. In the 2nd run, an ES902 column (75-mm inner diameter, 25 cm length, 3 mm C18 beads; Thermo Scientific) was used.

The species of interest were included in the priority list. High mass range was used for MS2 scan. For the database search, raw

data were converted to peak list files in mgf format using Mascot Distiller (version 2.7.1.0). Database search was performed using

Mascot Daemon (2.6.0) against the Sprot Human database. The following parameters were used for the database search. Enzyme:

AspN; Variable modifications: 1 to 8 [13C]-glutamate on Glu residue; Mass values: Monoisotopic; Peptide mass tolerance: ± 10 ppm;

Fragment mass tolerance: ± 0.6 Da; Max missed cleavages: 4. Peptides with heavy Glu modification matched by database search

were manually curated.

Microtubule severing assays
Microtubule severing assays were performed as described previously.60,146 Flow chambers of �7 ml volume were constructed of

silanized coverslips and slides. Flow chamber construction and silanization protocol is covered in detail in a previously published

methods chapter.146 Microtubules prepared as described in the section above were immobilized in the flow chamber with

0.02mg/ml NeutrAvidin (Thermo Scientific) andwashedwith BRB80with 2mg/ml casein and 20 mMTaxol. The chambers were equil-

ibrated with 15 ml of severing mixture without katanin (47 mM PIPES pH 6.8, 3.3 mM HEPES pH 7.0, 110 mM KCl, 2.2 mM MgCl2,

1.3 mg/ml casein, 0.6 mM EGTA, 2.5% glycerol, 9.1 mM 2-mercaptoethanol, 0.2 mM TCEP, 1 mM ATP, 1% Pluronic F127,

8.7 mM Taxol) supplemented with an oxygen scavenger mix to remove free oxygen from solution (7.5 U/mL catalase, 0.15 U/mL

glucose oxidase, 20 mM glucose). Assays with GMPCPP-stabilized microtubules were performed the same way, but without the

addition of Taxol. The chamber was placed on the microscope stage, field of view was chosen and 15 ml of freshly prepared severing

mixture containing 20 nM katanin was perfused while recording. The 20 nM katanin concentration was chosen because it is close to

the cellular katanin concentration of 3-28 nM.74–76 Microtubule images were acquired by differential interference contrast (DIC) or

interference reflection microscopy (IRM)20 on a Nikon Eclipse Ti-E equipped with a CoolSnap camera (Photometrics) or an ORCA

Flash4.0 V2 sCMOS camera (Hamamatsu), respectively, at 1 or 0.5 Hz for 10 min total. Taxol-stabilized acetylated microtubules

were imaged at 1 Hz by TIRF on a Nikon Ti-E equipped with an iXON3-897 EMCCD camera (Andor). Microtubule severing progress

was monitored by counting manually the number of observed severing sites after perfusion of katanin.60 Microtubule severing rates

were determined from the time required to observe one severing event per 10 mmof microtubule. Assays were performed at 21�C. To
determine the minimal katanin concentration to observe a severing event, assays were performed as above, and microtubules were

visualized by IRM. Katanin was perfused and images were acquired for 10 minutes at 0.5 Hz. The concentration of katanin was

decreased each time, until there was only one or no microtubule severing events in the field of view containing at least 20 microtu-

bules for 10 minutes after katanin perfusion.

Microtubule binding assays
Microtubules were immobilized in the chamber the same way as for severing assays. Atto488-labeled katanin was perfused into the

chamber in the same buffer as the one used for severing assays (47 mM PIPES pH 6.8, 3.3 mMHEPES pH 7.0, 110 mM KCl, 2.2 mM

MgCl2, 1.3 mg/ml casein, 0.6 mM EGTA, 2.5% glycerol, 9.1 mM 2-mercaptoethanol, 0.2 mM TCEP, 1 mM ATP, 1% Pluronic F127)

supplemented with an oxygen scavenger mix to remove free oxygen from solution (7.5 U/mL catalase, 0.15 U/mL glucose oxidase,

20 mMglucose). Binding assays were performed at 4 nM katanin except for glycylated microtubules and detyrosinated microtubules
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for which the katanin concentration was 8 nMbecause of theweaker binding for thesemicrotubules. Binding assays for the truncated

katanin construct (Figure 5F) were conducted at 50 nM katanin and 30 mM KCl due to weaker binding of this construct compared to

full length katanin whichmakesmultivalent interactions with themicrotubule. Assays were performed at 21�C. Images were acquired

using an inverted total internal reflection fluorescence (TIRF) microscope (Nikon Ti-E with TIRF attachment) equipped with an iXON3-

897 EMCCD camera (Andor). The excitation light was provided by a 488 nM diode laser at 20 mW. Light was delivered to the sample

through a 100x 1.49 NA TIRF objective (Nikon CFI Apo TIRF 100x) and the emission filter FF01-550/88 or FF03-525/50 (Semrock) was

used. Images were acquired continuously at 100msec exposure with 488 laser and ND2 filter. An image of the microtubules in DIC or

IRMwas taken before starting image acquisition. The average background-corrected intensity along microtubules wasmeasured on

a sum of frames from 25 to 60 s in ImageJ Fiji136 and normalized for microtubule length.

To measure the binding of katanin to modified microtubules as a function of katanin concentration, Atto488-labeled katanin was

perfused as above but 1 mMATPgS was used instead of ATP to prevent severing. After 2 min incubation, microtubules were imaged

by IRM and katanin by TIRF with 488 nm laser excitation and 100 ms exposure. The truncated katanin construct without AAA domain

was imaged the same way but with no nucleotide in solution and at 50 mM KCl. Multiple fields of view were imaged. Background

corrected line scan intensities were measured using Fiji136 and normalized to microtubule length.

Modeling of glutamylated tails bound to katanin
The model for the katanin hexamer in the spiral conformation bound to tubulin tail substrate (PDB: 6UGD)53 was used as a starting

model for building katanin models bound to a 14-residue peptide with one or two polyglutamate branches in various configurations.

The branch point structure was generated using https://chemdrawdirect.perkinelmer.cloud/js/sample/index.html#. Phenix

eLBOW138 was used to obtain the pdb and crystallographic information (cif) file for the branch point. VPS4 bound to cyclic peptide

(PDB: 6OO2) was used as a guide to position the backbone of a branch within the pore.118 Multiple tubulin tail substrates with one

poly-glutamate chain at position 11, two poly-glutamate chains at positions 8 and 11, 9 and 11 or 11 and 12 were generated using

Coot.137 These positions are the most frequently modified positions within the bI and bIVb tubulin tails based on the MS/MS data.

Using Coot, we modeled a link between the C05 atom of the branch’s Cg and the N-terminal nitrogen atom of a poly-Glu branch.

The remaining glutamates within a branch are a-linked. The atomic models were subjected to energy minimization in Phenix.147,148

The atomic models were refined in real-space against the cryo-EMmap for the katanin hexamer in the spiral conformation with sub-

strate (EMD-20761)53 using Phenix.148 To preserve the modelled link of the branch glutamate during refinement it was added as a

bond in the custom geometry restrains window of the Phenix real space refinement GUI. Model statistics are listed in Table S1.

Figures were prepared in UCSF Chimera140 and ChimeraX.139 A Pymol141 session file for all the models is provided as Data S1.

Pore dimensions shown in Figure S4 were measured manually or with MOLEonline149 and gave similar results.

ATPase Assays
Peptides were purchased fromBio-Synthesis. ATPase assays with a-tubulin peptides were performed as described previously using

an EnzChek Phosphate Assay (Life Technologies).53 Initial rates were calculated from the linear portion of the reaction profiles after

addition of 1 mM ATP. ATPase rates were adjusted by subtraction of the measured release of phosphate in the absence of ATP.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were plotted and analyzed in Prism (Graphpad Inc). If the distribution of data was normal, a 2-tailed t-test was used. If the data

were not normally distributed, a Mann-Whitney test was used. Each condition for binding and severing was measured in multiple

chambers. The number of analyzed microtubules is indicated in the figure legends.
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