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Microtubule-binding domains in Katanin p80 subunit
are essential for severing activity in C. elegans
Eva Beaumale1, Lucie Van Hove1, Lionel Pintard1, and Nicolas Joly1

Microtubule-severing enzymes (MSEs), such as Katanin, Spastin, and Fidgetin play essential roles in cell division and
neurogenesis. They damage the microtubule (MT) lattice, which can either destroy or amplify the MT cytoskeleton, depending
on the cellular context. However, little is known about how they interact with their substrates. We have identified the
microtubule-binding domains (MTBD) required for Katanin function in C. elegans. Katanin is a heterohexamer of dimers
containing a catalytic subunit p60 and a regulatory subunit p80, both of which are essential for female meiotic spindle
assembly. Here, we report that p80-like(MEI-2) dictates Katanin binding to MTs via two MTBDs composed of basic patches.
Substituting these patches reduces Katanin binding to MTs, compromising its function in female meiotic-spindle assembly.
Structural alignments of p80-like(MEI-2) with p80s from different species revealed that the MTBDs are evolutionarily
conserved, even if the specific amino acids involved vary. Our findings highlight the critical importance of the regulatory
subunit (p80) in providing MT binding to the Katanin complex.

Introduction
Microtubules (MTs) are dynamic cellular structures with critical
roles in numerous cellular processes, including cell motility,
intracellular transport, and cell division (Nogales, 2000). These
functions depend on their dynamical behavior, which is con-
trolled by microtubule-associated proteins (MAPs) (Bodakuntla
et al., 2019). Among the MAPs, the microtubule-severing en-
zyme (MSE) emerges as a specialized subclass of enzymes,
which directly target the lattice of microtubules to sever them
(McNally and Roll-Mecak, 2018; Roll-Mecak and McNally, 2010;
Sarbanes et al., 2022; Sharp and Ross, 2012).

Belonging to the AAA+ ATPase (ATPase associated with di-
verse cellular activities) family, MSEs encompass three con-
served enzymes: Fidgetin, Spastin, and Katanin. These MSEs are
characterized by the presence of an AAA+ domain, enabling
protein oligomerization and ATP hydrolysis, which defines the
functional properties of the family (Kuo and Howard, 2021; Lynn
et al., 2021; McNally and Roll-Mecak, 2018; Roll-Mecak and
McNally, 2010; Sarbanes et al., 2022; Sharp and Ross, 2012).

Recently, the role of MSEs, previously reported as
microtubule-severing enzymes, has been re-evaluated (Vemu
et al., 2018). Vemu et al. (2018) showed that MSEs use ATP
hydrolysis to damage the tubulin lattice, creating a hole at the
surface of the microtubules. Then, depending on the cellular
context, MTs can either be repaired by the incorporation of GTP-
tubulin, leading to the formation of stable microtubules, or

further weakened, leading to MT severing and the formation of
two new microtubule ends. These new ends in turn might de-
polymerize to dismantle the microtubule or be used as seeds to
polymerize new microtubules depending on the GTP–tubulin
availability (Kuo and Howard, 2021; Kuo et al., 2019; Vemu et al.,
2018).

Despite this breakthrough, howMSEs primarily interact with
microtubules is still poorly understood. The most documented
example is for the human Spastin, for which a domain of about a
hundred amino acids (called the microtubule-binding domain,
MTBD) has been identified (White et al., 2007). Unfortunately,
Spastin MTBD motif (Homo sapiens residue 270–328) is not re-
solved in the available Spastin structures (e.g., PDB 6PEK,
starting at residue 323) (Han et al., 2020; Roll-Mecak and Vale,
2008), and sequence analysis does not allow the identification of
a conserved MTBD motif using interspecies comparison. Like-
wise, an MTBD cannot be identified on Katanin or Fidgetin by
sequence analysis. Finally, sequence analysis using known MT-
binding motifs present in other MAPs, for example, Kinesins,
Dyneins, or TOG domain proteins, did not provide clues about
putative MTBD sequences. Thus, the exact molecular determi-
nants allowing MSE•MT interaction need to be firmly estab-
lished and might vary between the three MSEs.

In contrast to Spastin and Fidgetin, which are organized as
homohexamers, Katanin is composed of two subunits: a p60
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catalytic subunit containing the AAA+ domain (Walker A and B
motif allowing the enzyme to bind and to hydrolyze ATP, re-
spectively) and a p80 regulatory subunit previously shown to
dictate Katanin cellular localization (Akhmanova and Steinmetz,
2019; Hartman et al., 1998; Hartman and Vale, 1999; McNally and
Vale, 1993; McNally et al., 2000; Mishra-Gorur et al., 2014). The
hetero-oligomeric organization of Katanin adds complexity to
the identification of a MTBD, which might be present in either
p60, p80, or formed by the interaction between the two subunits
(Faltova et al., 2019; Jiang et al., 2017; Rezabkova et al., 2017).

Using structural approaches, Zehr et al. (2019) recently
showed that the central pore formed by p60 AAA+ domain
hexamerization engages the acidic C-terminal tail (CTT) of tu-
bulin. This interaction is sensitive to posttranslational mod-
ifications and is required for microtubule severing, but whether
it constitutes the primary binding site is not known (Bailey et al.,
2015; Gadadhar et al., 2021; Garnham and Roll-Mecak, 2012;
Genova et al., 2023; Lindsay et al., 2023). If this interaction
constitutes the sole Katanin–microtubule interaction, it would
imply that the Katanin hexamer would land on the microtubules
directly engaging the CTT. Alternatively, other MT-binding
domains might first dock the catalytic subunit on MT and po-
sition the central pore of the enzyme on the CTT exposed at the
MT surface. Several observations support this latter hypothesis.
First, Hartman and Vale (Hartman and Vale, 1999) observed that
the N-terminal non-AAA region of p60 binds microtubules with
an affinity intermediate between full-length p60 in ATPγS or
ADP, consistent with the observations (i) that sea urchin p60 can
sever microtubules without p80 and (ii) that the presence of the
p80 subunit stimulates its MT-severing activity (Hartman et al.,
1998). Second, the presence of the con80 domain or KATNBL1,
which binds MT with a low affinity, drastically enhanced MT
binding activity to the N-terminal domain of human p60
(McNally et al., 2000;McNally andMcNally, 2011). In contrast to
previous observations, we reported for Caenorhabditis elegans
Katanin (MEI-1•MEI-2) that MEI-2 alone, but not MEI-1, binds
microtubules, providing direct evidence that MEI-2 contains a
bona fide MTBD (Joly et al., 2016). However, sequence analysis
did not reveal any obvious MTBD motif. More recently, Zehr
et al. (2019) identified a positively charged region in MEI-1 be-
tween the MIT and AAA domain that contributes to microtubule
binding and severing activity in the presence of MEI-2. In ad-
dition, Szczesna et al. (2022) reported that the N terminal region
of MEI-1 (non-AAA), in complex with MEI-2 C-terminal domain
is sensitive to the structure of the C-terminal tails of tubulin
(CTT) and to its level of posttranslational modification. All to-
gether, these observations suggest a complex mode of interac-
tion between Katanins and the microtubules, and that this
interaction might slightly differ between species.

Here, we dissected the precise contribution of the MEI-2
subunit to Katanin activity in C. elegans. In this system, the in-
activation of each Katanin subunit (MEI-1 or MEI-2) results in a
similar failure in meiotic spindle assembly causing embryonic
lethality (Mains et al., 1990; Srayko et al., 2000). However,
partial reduction of Katanin function causes the assembly of a
longer meiotic spindle, giving rise to the extrusion of abnor-
mally large polar bodies after cytokinesis (Gomes et al., 2013;

Han et al., 2009; Joly et al., 2016; Mains et al., 1990; McNally
et al., 2006; Srayko et al., 2000, 2006). As Katanin activity is
essential for the assembly of the meiotic spindle, monitoring the
formation and the size of the polar body provides a quantifiable
readout to monitor Katanin activity in vivo.

Here, by combining in vitro approaches with structure–
function analysis in vivo, we revealed that MEI-2 primarily
binds MT through two microtubule-binding domains (MTBDs)
composed of basic patches and thereby dictates MEI-1 binding
to microtubules. Importantly, we show that reducing MEI-2-
binding to microtubules by only a factor of two causes major
defects in Katanin function in vivo, indicating that optimal
MEI-2•MT interaction is critical for Katanin activity in vivo.

Taken together, our findings demonstrate that the p80 reg-
ulatory subunit MEI-2 provides MT binding to the Katanin
complex, thereby promoting MT severing and Katanin function
in vivo.

Results
p80-like(MEI-2) subunit dictates Katanin binding to
microtubules
To establish which subunit promotes initial Katanin binding to
microtubules, we tested whether MEI-1 or MEI-2 is responsible
for this interaction.

To do so, we set up an in vitro interaction assay (Fig. 1 A) in
which we mixed purified Katanin and microtubules in the
presence of the protein crosslinker EDC (1-ethyl-3-[3-dimethyla-
minopropyl] carbodiimide hydrochloride), allowing us to resolve
covalent complexes between Katanin and MTs by SDS-PAGE if
a Katanin•MT interaction occurs. To identify the protein pre-
sent in each complex and to reveal the identity of the cross-
linked subunits to microtubules, we performed the crosslinking
experiment using MEI-1 alone or by changing the size of MEI-1
or MEI-2 using different tags or truncation variants (Fig. 1, B
and C).

First, we exposed Katanin to EDC and did not observe dif-
ferences compared with the control condition in the absence of
EDC (Fig. 1 B, compare lanes 2 and 3). From these results, we
concluded that no crosslinked species were formed between
MEI-1*MEI-1, MEI-1*MEI-2, or MEI-2*MEI-2, most likely due to
the absence of compatible residues (K, E, D) at the level of these
subunit interfaces. We then mixed Katanin with MTs in the
presence of EDC and observed a specific band migrating around
100 kDa (red asterisk—Fig. 1 B compare lanes 4 to lanes 1, 2, and
3). This band was only detectable when Katanin was incubated
with MTs. Based on its size (around 100 kDa), we suspected that
this band is composed of MEI-2 (33 kDa) and tubulin (around 60
kDa). To test this hypothesis, we repeated the experiment with
a shorter version of MEI-2, MEI-21–153 (25 versus 33 kDa for
MEI-21–280), and observed that the crosslinked band was
downshifted accordingly (75 kDa), demonstrating the presence
of MEI-21–153 (red asterisks; Fig. 1 B compare lane 7 to 4). From
these observations, we conclude that MEI-2 directly interacts
with MTs.

In addition, we observed a band migrating around 120 kDa,
which is similar in size to a band produced by the crosslink of
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tubulin moieties in the control experiment (tub × tub; Fig. 1 B,
lane 1). However, the intensity of this band specifically increased
in the presence of Katanin (Fig. 1 B, lane 4 and 7), suggesting
some changes in the crosslinked species. Based on its size, we
hypothesized that this band could correspond to different
crosslinked complexes: either tubulin*tubulin, MEI-1*MEI-1, or
MEI-1*tubulin. To reveal its composition, we modified the mo-
lecular weight of MEI-1 using a GFP tag (GFP-MEI-1: 80 versus
55 kDa for MEI-1). In this context, the crosslinked band was
upshifted (around 140 kDa) when MTs were mixed with GFP-
MEI-1•MEI-2 but not with GFP-MEI-1 alone (green asterisk;
Fig. 1 C, compare lane 10 to 4–7 and 13). We confirmed the
presence of tubulin in this upshifted band byWestern blot (Fig. 1 C,
bottom panel). From this observation, we conclude that MEI-1 in-
teracts with microtubules, but only when MEI-2 is present.

Taken together, these results establish that MEI-2 interacts
with MTs, allowing MEI–1•MT interaction to occur. These

observations also suggest that MEI-2 brings MEI-1 in proximity
to MTs to promote the interaction between the central pore of
MEI-1 and the tubulin–CTT required for substrate remodeling
(Zehr et al., 2019).

KataninMEI-1-MEI-2 binds to microtubules via two distinct
MT-binding domains in MEI-2
We next aimed to identify the MT-interacting domain (MTBD)
of MEI-2, promoting Katanin•MTs interaction.

To this end, we produced and purified 20 different MEI-2 frag-
ments spanning the N-terminal part, the central region, and the
C-terminal part and tested their ability to interact with MT
using EDC crosslink experiments (Fig. 2 A). We observed that
the N-terminal (MEI-21–70) and the C-terminal part of MEI-2
(MEI-2241–280) crosslinked with microtubules while no crosslink
could be detected using the central region of MEI-2 (MEI-270–240;
Fig. 2 B compare lanes 5, 8, 11, and 14 and Fig. S2).

Figure 1. Both Katanin subunits interact with microtubules. (A) Schematic of the in vitro crosslink assay. Briefly, purified proteins (KataninMEI-1-MEI-2 and
microtubules) were mixed and incubated with EDC chemical crosslinker for 15 min. Samples were resolved on SDS PAGE and analyzed using stain-free (BioRad)
based on tryptophan fluorescence labeling, Western blot, or mass spectrometry. (B) Crosslink assay between Katanin, composed of MEI-1 (orange) and MEI-2 full
length (1–280) (purple) or N-terminal fragment (1–153) (light purple) and microtubules. Red stars indicate crosslinked complexes MEI-2*tubulin. SDS PAGE
(BioRad) was analyzed by stain-free technique based on tryptophan fluorescence (Stain Free; Bio-Rad). (C) Crosslink assay between KataninMEI-1-MEI-2 or
MEI-1 alone (orange) with or without GFP tag (green) and microtubules. Red stars indicate crosslinked complexes MEI-2*tubulin. Green star indicates the
crosslinked complex GFP-MEI-1*tubulin. SDS PAGE was analyzed using tryptophan fluorescence (Stain Free; Bio-Rad) (upper panel) and by Western blot
using anti-tubulin antibody (lower panel). Experiments were performed at least in triplicate and the maximal variation observed was <10%. Source data are
available for this figure: SourceData F1.
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We thus conclude that MEI-2 binds to microtubules via two
MTBDs located inMEI-21–70 (MTBD1) andMEI-2241–280 (MTBD2).

Next, we analyzed theMEI-2*tubulin crosslinked band (Fig. 2
C, red box) with mass spectrometry to map interacting sites on
MEI-2 and MTs and to determine whether MEI-2 targets a
specific site at the surface of MTs. We identified two crosslinked
sites on MEI-2 (K78 and K274) targeting two distinct sites on
tubulins (beta tubulin TBB E108 or TBB-5 E111, and alpha tubulin
TBA-1 and TBA-2 D392, respectively; Fig. 2 D). Interestingly, the
apparent molecular weight of the band extracted from SDS-
PAGE corresponds to one MEI-2 moiety and one crosslinked
tubulin (MEI-2*tubulin about 130 kDa—MBP-MEI-2 70 kDa +
tubulin 60 kDa). We conclude that MEI-2 interacts with the
globular domain of a single tubulin subunit at a time, and that
each MEI-2 lysine binds specifically to either alpha or beta
tubulin.

Taken together, these results indicate that MEI-2 directly
interacts with microtubules via at least two distinct MTBDs,

which target specific alpha or beta tubulin on their globular
domain.

Basic residues of MEI-2 are involved in direct
KataninMEI-1•MEI-2–microtubule interaction
To further characterize Katanin•MT interaction, we aimed to
identify key MEI-2 residues allowing this interaction. Guided by
the crosslinking and mass spectrometry experiments (Fig. 2), we
observed that the crosslinked lysines (K) identified in MEI-2 were
organized in pairs (K77-K78, K274-K275) and that a KK pair was
also present in MTBD1 (MEI-21–70; K8 K9). To test their im-
portance, we replaced the positively charged KK pairs of both
minimal MEI-2-interacting fragments identified (MEI-21–70 and
MEI-2240–280) with either apolar (Alanine-A) or negatively
charged (Aspartate-D) residues and tested their interaction
with MTs using crosslink experiments (Fig. 3, A and B).

While crosslinked bands were observed in the context of
WT fragments, substituting K8-K9 or K274-K275 reduced the

Figure 2. Katanin binds to microtubules via two domains on MEI-2 subunit. (A) Schematic representation of all MEI-2 fragments tagged with MBP tested
in crosslink with microtubules in vitro. Black fragments still crosslink with microtubules, whereas the gray fragment does not. MEI-2 1–70 (red) and MEI-2 241–280
(blue) were identified as two minimal MEI-2 fragments able to crosslink with microtubules. The dashed line corresponds to the putative structured region of
MEI-2 based on the Mm Katnb1 fragment structure (Jiang et al., 2018). (B) Crosslink assay between MBP–MEI-2 full-length (purple) or fragments and
microtubules. Colorful stars indicate crosslinked complexes MBP–MEI-2*tubulin or MBP-MEI-2 fragment*tubulin. SDS PAGE was analyzed using tryptophan
fluorescence (Stain Free; Bio-Rad; upper panel) and by Western blot using anti-MBP antibody (lower panel). The absence of crosslink between MBP tag
alone and microtubules is controlled in Fig. S2. Experiments were performed at least in triplicate and the maximal variation observed was <10%. (C) Red
square corresponds to crosslink complex MBP–MEI-2*tubulin extracted from SDS PAGE to be analyzed by mass spectrometry. (D) Schematic representation
of MEI-2, porcine alpha- and beta-tubulins crosslinked residues identified by mass-spectrometry (see Table S1). Two MEI-2 residues were identified as
specifically crosslinked with alpha- or beta-tubulin. Source data are available for this figure: SourceData F2.
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amount of MEI-2*tubulin crosslink formed, with a more pro-
nounced effect observed with aspartate substitutions compared
with alanine (Fig. 3 A, compare lane 7 to 5 and 3 and Fig. 3 B,
compare lane 7 to 5 and 3).

We then introduced these substitutions into full-length
MEI-2 (MEI-2FL K8A-K9A K274A-K275A and K8D-K9D
K274D-K275D). We observed that even with aspartate substitutions
at all four positions, which almost abolished the interaction in the

Figure 3. Microtubule binding of MEI-2 depends on lysine patches. Crosslink assay between MBP-MEI-2 fragments and microtubules. (A–E) The lysines
(KK) of interest were mutated in alanines (AA) or aspartates (DD) in minimal MBP-MEI-2 fragments (A) 1–70 (red) and (B) 241–280 (blue), in MBP-MEI-2 full
length (C and E) or in MBP-MEI-2 fragment (D) 1–90 (orange). SDS PAGE (BioRad) was analyzed using tryptophan fluorescence (Stain Free; Bio-Rad; upper
panel) and by Western blot using anti-MBP antibody (lower panel) for D and E. Quantification of Tubulin*tubulin and Tubulin*MBP-MEI-2 full length or
fragment complexes were performed using ImageJ, and values are expressed as percentage of, respectively, tubulin alone and tubulin in the presence of
MBP–MEI-2 full length or fragments WT (gray boxes). (F)Microtubule binding constant curves of MEI-2 using the copelleting approach. Different microtubule
concentrations (as indicated) were incubated with purified MBP-MEI-2 WT or variant (6KA or 6KD, as indicated) for 20 min and spun down. Proteins present in
the supernatant and the pellet fraction were analyzed using SDS-PAGE and quantified using ImageJ. This graph shows the amount of MBP-MEI-2 detected
depending on the concentration of microtubule, and Kd was estimated using Origin software. At least three independent experiments were performed.
(G) Microtubule severing activities of MEI-1 WT•MEI-2 WT or variant (6KA or 6KD, as indicated). Severing rates were calculated from three independent
experiments with the following total number of microtubules: 206 for WT, 114 for 6KA, and 183 for 6KD. Error bars correspond to SEM. Source data are
available for this figure: SourceData F3.
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context of the fragments, the characteristic MEI-2*tubulin band
was still formed using MEI-2FL, though in reduced amounts
(Fig. 3 C, lane 7), suggesting the presence of other microtubule-
interacting motif(s).

Based on the mass spectrometry results revealing a crosslink
of the K77–K78 pair, which is only present in MEI-2FL but not in
MTBD1 and MTBD2, we hypothesized that these residues played
a role in the interaction with MTs. The presence of the K77–K78
pair in the MEI-270–240 fragment was not sufficient to observe
stable MEI-2•MT interaction (Fig. 2 B, lane 11) while its pres-
ence in the MEI-2FL K8D-K9D K274D-K275D (Fig. 3 C, lane 7)
strongly suggested that K77–K78 depends on its environment to
interact with microtubules. We tested this hypothesis by ex-
tending theminimal N-terminal fragmentMEI-21–70 toMEI-21–90

to include the K77–K78 pair identified by mass spectrometry.
While the substitution of this motif alone was not sufficient to
completely abolish the interaction with MT (Fig. 3 D, lanes
9–11, respectively 84% and 87%), in combination with K8–K9, the
MEI-21–90*tubulin bandwas not detectable (Fig. 3 D, lane 16 -0%).

We conclude that the K77–K78 pair is playing an essential role
in the MEI-2•MT interaction but that its function is sensitive to
the flanking sequence environment.

We then substituted the three lysine pairs in full-lengthMEI-2.
As expected, the simultaneous substitution of the six lysines by
alanine (K8A-K9A K77A-K78A K274A-K275A; Fig. 3 E, compare
lane 5 [53%] to 3 [100%]) or aspartate (K8D-K9D K77D-K78D
K274D-K275D; Fig. 3 E compare lane 7 [6%] to 3 [100%]) strongly
reduced the MEI-2*tubulin crosslinked band, with a more pro-
nounced effect observed with aspartate substitutions. We ob-
served similar results when MEI-2 was in complex with MEI-1
(Katanin—Fig. S1).

From these results, we conclude that the three positively
charged KKmotifs independently contribute toMEI-2•microtubule
interaction as substituting only one patch is not sufficient to dras-
tically reduce MT binding in vitro.

To determine whether the substitution of the six lysines
identified reduces the affinity of MEI-2 for the microtubules, we
performed MT copelleting assays in the presence of MEI-2 WT or
variants (6KA or 6KD). As expected, we observed the highest af-
finity for MT for MEI-2 WT with a Kd of about 1 µM (Fig. 3 F),
which is in a similar range to the previously reported Kd of human
p80 (c15orf29) for MTs of about 2 µM (McNally and McNally,
2011), strongly suggesting common properties of the p80s from
different species. The substitution of the six lysines identified re-
duced the affinity of MEI-2 for microtubules with a Kd of 3.68 µM
observed for 6KA and a Kd of 6.15 µM for 6KD (Fig. 3 F), leading to a
drastic reduction of microtubule severing activity for both of these
variants compared with WT (about 10-fold reduction, Fig. 3 G).

Thus, we conclude that the six lysines identified play a direct
role in the interaction with microtubules and that their substi-
tution is affecting the affinity of MEI-2 for the microtubules,
resulting in the decrease of microtubule severing activity.

MEI-2 basic patches are critical for KataninMEI-1•MEI-2 function
in vivo
Having identified key residues in MEI-2 necessary for the Ka-
tanin•MT interaction in vitro, we next asked whether these

residues contribute to Katanin function in vivo. As mentioned
earlier, loss of Katanin function leads to severe defects inmeiotic
spindle assembly resulting in embryonic lethality (Clark-
Maguire and Mains, 1994a, 1994b; Mains et al., 1990). How-
ever, partial loss of Katanin activity is not lethal but often causes
the assembly of a longer meiotic spindle, which is accompanied
by the extrusion of a larger polar body (Clandinin and Mains,
1993; Gomes et al., 2013; Han et al., 2009; Mains et al., 1990;
McNally et al., 2014). The system is, therefore, very sensitive and
allows monitoring of even minor defects in Katanin activity.

To analyze the role of MEI-2 MTBDs in vivo, we generated
worm lines expressing sGFP::mei-2 Recoded (sGFP::mei-2R—RNAi-
resistant transgene) wild-type or with different combinations of
MTBD lysines substituted by alanine or aspartate (K77A-K78A),
(K77D-K78D), (K274A-K275A), (K274D-K275D), or in combination
(K77A-K78A K274A-K275A), (K77D-K78D K274D-K275D), 6KA
(K8A-K9A K77A-K78A K274A-K275A), 6KD (K8D-K9D K77D-K78D
K274D-K275D) (Fig. 4 A).

We then tested the ability of these transgenes to rescue the
lethality and large polar body phenotype typically observed
upon endogenous mei-2 depletion by RNAi (Fig. 4, B and C).
sGFP::mei-2R WT transgene was able to fully rescue the lethality
and the large polar body phenotypes induced by RNAi depletion
of the endogenous mei-2 (Fig. 4, B and C). Likewise, sGFP::mei-2R

with single pair substitutions (K77A-K78A), (K77D-K78D),
(K274A-K275A), and (K274D-K275D) had only a moderate effect
on the embryo viability (90–70% viability), and most of these
transgenes rescued the lethality associated with endogenous
mei-2 inactivation (Fig. 4 B). A more pronounced lethality
phenotype was, however, observed for embryos expressing
MEI-2 containing aspartate substitutions (Fig. 4 B).

Interestingly, the combination of two KK pair substitutions
by alanine (K77A-K78A K274A-K275A) drastically reduces the
viability of the embryo to 50% while the corresponding aspar-
tate substitutions (K77D-K78D K274D-K275D) did not support
embryo viability (0% viability) (Fig. 4 B). This result strongly
suggests that the basic patches act synergistically to promote
Katanin binding to microtubules in vivo.

As our in vitro experiments indicated that combining sub-
stitution of the basic patches is necessary to profoundly affect
MEI-2 binding to microtubules, we tested sGFP::mei-2R trans-
genes with all three KK pairs substituted. Both GFP::MEI-2R 6KA
and 6KD were expressed at normal levels in the germline, with
an expression pattern indistinguishable from the wild-type (Fig.
S3). However, embryos expressing these transgenes as the sole
MEI-2 source were mainly unviable (Fig. 4 B). Notably, we ob-
served a more drastic reduction of the embryo viability for
embryos expressing GFP::MEI-2R 6KA (15% viability) than for
GFP::MEI-2R 4KA (K77A-K78A K274A-K275A) (50% viability).
Interestingly, and in agreement with in vitro observations
showing less microtubule binding for MEI-2 6KD compared
with 6KA (Fig. 3 E), the phenotype observed for the 6KD (0% via-
bility) is more pronounced than for 6KA (15% viability; Fig. 4 B).

These results suggest that the observed embryonic lethality is
due to a defect in Katanin’s activity and not merely due to the
absence of Katanin. In addition, the fact that substitutions
of lysine patches with acidic residues cause more severe
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Figure 4. Charge-dependent interaction MEI-2Cmicrotubules is required for KataninMEI-1CMEI-2 activity during female meiosis. (A) Schematic rep-
resentation of MosSCI transgene expressing sGFP::mei-2R (recoded) under the control ofmei-2 promoter and terminator. Recoding ofmei-2 allows mei-2mRNA
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phenotypes (lethality, Fig. 4 B) than substitutions with apolar
residues suggests that acid residues cause a repulsion effect,
more severely compromising Katanin binding to microtubules
(as observed in vitro in Fig. 3 F).

As Katanin is essential for female meiosis, we suspected that
the embryo lethality was due to a defect in meiotic spindle as-
sembly. To test this hypothesis, we monitored the size of the
polar bodies (Fig. 4, C and D) in WT, 6KA, and 6KD lines upon
endogenous mei-2 depletion by RNAi. For both strains (6KA and
6KD), we observed 100% of large polar bodies (Fig. 4 C). Strik-
ingly, even though both strains exhibit large polar bodies, em-
bryonic viability differs (15% versus 0%, respectively, for sGFP::
MEI-2R 6KA and sGFP::MEI-2R 6KD), suggesting that for the
strain containing sGFP::MEI-2R 6KA, Katanin activity is severely
reduced but not abolished. This reduced activity most likely
results in the formation of altered meiotic spindles that are
sufficient to achieve correct chromosome segregation. By mea-
suring the perimeter of polar bodies of each embryo (Fig. 4 D),
we noticed that polar bodies in sGFP::MEI-2R 6KD embryos are
significantly bigger than those in sGFP::MEI-2R 6KA embryos.
Moreover, we observed the presence of multiple nuclei with a
much higher frequency in sGFP::MEI-2R 6KD mitotic embryos
(Fig. 4 C, 6KD, white asterisk n = 23/62) than in sGFP::MEI-2R

6KA (n = 8/61), most likely as a consequence of a more severe
chromosome segregation defects during meiosis.

To directly visualize the meiotic spindles and colocalize
MEI-1, MEI-2, chromosomes and MTs in GFP-MEI-2R WT, GFP-
MEI-2R 6KA, and GFP-MEI-2R 6KD, we used indirect immuno-
fluorescence (Fig. 5). In contrast to the WT situation, where two
meiotic spindle poles were observed, decorated by MEI-1 and
MEI-2, a mass of chromosomes surrounded by MTs is formed in
both GFP-MEI-2R 6KA and GFP-MEI-2R 6KD mutant embryos
(Fig. 5). Notably, MEI-1 and MEI-2 localized in this area, sug-
gesting that the defects in meiotic spindle formation are not
merely due to an absence of Katanin, but rather, a defect in
Katanin activity due to reduced MT binding ability.

From these observations, we conclude that MEI-2 6KA and
6KD substitutions do not affect the assembly or cellular locali-
zation of Katanin but only their activity by preventing Katanin
optimal binding to microtubules.

Discussion
In this study, we demonstrate that MEI-2 promotes Katanin
binding to microtubules. Using protein fragmentation, site-
directed mutagenesis, and EDC crosslinking experiments, we
revealed the existence of multiple microtubule-binding sites on
MEI-2. By coupling the EDC crosslinker withmass spectrometry,
we identified precisely targeted sites at the surface of the

microtubule in the globular domain of alpha- and beta-tubulins.
By introducing Katanin variants into C. elegans and monitoring
polar body formation as a readout, we confirmed the importance
of the identified MTBDs for Katanin activity in vitro and in vivo.
Interestingly, based on our biochemical characterization of Ka-
tanin•MTs interaction, we were able to modulate Katanin ac-
tivity in vivo by using Katanin variants harboring different
affinities for microtubules.

Our study also revealed that after the initial binding of Ka-
tanin on MTs via MEI-2, MEI-1 subunit is brought in proximity
to the microtubules and directly contacts them. We speculate
that this microtubule proximity allows MEI-1 to engage in a
productive interaction with the microtubule to damage it. From
the structure of MEI-1 AAA+ domain associated with the
C-terminal acidic tubulin tail (Zehr et al., 2019), we propose
that this interaction might occur between the p60 hexamer
central pore residues and the C-terminal exposed tail of tubulin
to allow tubulin remodeling in an ATP-hydrolysis dependent
manner, leading to microtubule damage.

Conservation of the fold
Having precisely identified MTBDs that are required for
MEI-2 (Fig. 6 A) to interact with the microtubules, we asked
whether these motifs were conserved within the p80s. Although
protein sequence alignment did not reveal an obvious conserved
motif (Fig. 6 B) nor the conservation of Lysine pairs identified in
our study, structural modeling of p80 and p80-like from C. elegans,
H. sapiens, Mus musculus, Drosophila melanogaster, and Arabidopsis
thaliana using alphaFold2 (Fig. 6, A and C; and Fig. S4) revealed
that the C. elegans MEI-2 had two distinct domains: a highly
unstructured N-terminal domain (containing two of the lysine
pairs) and a folded C-terminal domain (containing one of the
lysine pair—Fig. 6 A). Structural alignment of the C-terminal
domain from several p80s shows the clear conservation of the
organization of this region corresponding to MEI-2 MTBD2
(Fig. 6 C). From this observation, we propose that the motif
identified in MEI-2 might also be present in p80 subunits from
other species implying that the role of p80 to initiate Kata-
nin•MT interactions could be conserved. Consistent with this
hypothesis, previous work on Katanin from sea urchins, mice,
and humans have reported that the presence of p80 drastically
increases Katanin affinity for microtubule as well as microtu-
bule severing activity (Hartman et al., 1998; McNally et al.,
2000; McNally and McNally, 2011).

Adaptation of Katanins to different targets
One explanation for the conservation of the global organization
but not of the protein sequence could be the differences between
tubulin sequences and isoforms from the different species. We

resistance to mei-2(RNAi). The schematics also represent sGFP::MEI-2R recombinant protein expressed in worms and mutated lysines. (B) Viability of embryos
expressing sGFP::MEI-2RWT andmutants exposed tomei-2(RNAi). Error bars indicate SEM.N is the number of independent experiments, and n is the number of
embryos. (C) DIC images of two-cell stage embryos expressing sGFP::MEI-2R WT, 6KA, and 6KD mutants exposed to mei-2(RNAi). White arrows indicate polar
bodies and the white asterisk indicates multinuclei (under mei-2 RNAi, multinuclei observed for N2 n = 27/104, sGFP::MEI-2R WT n = 0/80, sGFP::MEI-2R 6KA
n = 8/61 and sGFP::MEI-2R 6KD n = 23/62). Scale bars: 10 μm. (D)Measure of polar bodies perimeter of early embryos expressing sGFP::MEI-2R WT, 6KA, and
6KD mutants exposed to mei-2(RNAi). Error bars indicate SEM.
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speculate that the sequences corresponding to theMTBD present
in the different p80s could be used to recognize specific tubulin
isoforms in a specific cellular context, leading to some Kata-
nin•MT interaction specificity.

Interestingly, even after identifying precise MTBD into MEI-2,
we could identify conserved motifs within the other p80s. Nev-
ertheless, alpha-fold modeling strongly suggests that the global
structure of the domain is conserved and that the p80s contain
positively charged subdomains, which might be directly involved
in the interaction with the negatively chargedmicrotubule surface
(Fig. 6 A and Fig. S4). This lack of sequence conservation could
result from the natural variation of tubulin isoforms between
different species. To adapt to these variations, p80 and microtu-
bule surface sequences coevolved, ensuring optimal activity of the
enzyme in a given organism.

Interestingly, most in vitro experiments were performed
withmicrotubules assembled from pig or cow tubulin andMAPs
from other species. We can anticipate that even if we observe
some specific activities, the interaction between MAPs and
the microtubule might be suboptimal. Notably, the average
number of protofilaments constituting the microtubule is re-
duced in C. elegans (about 11–15 protofilaments) relative to vertebrate
microtubules (13–15 protofilaments). In the case of 13 protofilaments,
tubulin protofilaments align parallel to the microtubule-long axes.
In contrast, non-13 protofilament microtubules exhibit a helical

twist, more or less pronounced depending on the number of
protofilaments constituting the microtubules, most likely im-
pacting MAPs’ binding and activities (Amos and Schlieper, 2005;
Chaaban and Brouhard, 2017; Chrétien and Wade, 1991; Ti et al.,
2018; Tilney et al., 1973).

Multiple roles of MEI-2•tubulin interaction
We observed that MEI-2 directly interacts with the globular
region of the tubulins. This encounter then promotes the in-
teraction between MEI-1 and the tubulin CTT. If our results
demonstrate that MEI-2 promotes Katanin•MT interaction, it
may also stimulate the catalytic activity of the Katanin enzyme.

Indeed, while single MEI-2 basic patch substitutions did not
lead to a significant difference in the binding of MEI-2 to the
microtubules in vitro, they had a clear impact on the enzymatic
activity in vivo, as revealed by the appearance of large polar
bodies. In addition, Lu et al. (2004) have previously reported
that a single mutation in the globular region of alpha-tubulin
(TBA-2, sb27-E194K) drastically reduced Katanin’s ability to
sever the MTs, suggesting that this region of tubulin is involved
in the Katanin•MT contacts and impacts Katanin’s activity. From
these observations, we propose that the MEI-2•microtubule
interaction could have two roles: (i) to bring the catalytic
MEI-1 subunit close to the tubulin CTT and (ii) to regulate the
enzymatic activity of Katanin. We speculate that the level of

Figure 5. Lack of microtubule-binding does not affect KataninMEI-1CMEI-2 localization during female meiosis. (A) Representative spinning disk images of
fixed meiotic embryos expressing sGFP::MEI-2R WT, 6KA, and 6KD mutants exposed to mei-2(RNAi). Embryos (n = 5/5) were immunostained with anti-GFP
(green), anti-tubulin (yellow), anti-MEI-1 (magenta) antibodies and colored with DAPI (blue). (B) Schematic representation of localization of the different colors
at the meiotic spindle region for WT and variants.
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Figure 6. p80 structural alignment and Katanin•MT interacting model. (A) Structural model of MEI-2 obtained using AlphaFold2 prediction website. The
carbon backbone is represented using cartoon mode (in green), and the surface color shows the electrostatic potential calculated using chimera electrostatic
potential Coulombic function. * corresponds to the locations of KK pair residues identified in this study. (B) Protein sequences alignment of p80 and p80-like
Katanin subunits from different species. CE: C. elegans; HS: H. sapiens; MM: M. musculus; AT: A. thaliana; DM: D. melanogaster. (C) Structural alignment of the
C-terminal part of p80 and p80-like Katanin subunits from different species. Except for MMKATNB1, which is the X-ray structure obtained in complex with p60
fragment (PDB: 5LB7) (Jiang et al., 2017), structures shown are alpha-fold prediction aligned on MEI-2 structural prediction. The region shown is limited to the
“structured region” of MEI-2 (aa 105–280). Single-protein structures are presented in Fig. S4. (D)Working model of microtubule binding of Katanin essential for
microtubule severing activity.
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Katanin activity is finely tuned by the nature of the amino acids
of the globular domain of tubulin engaged in the interaction with
MEI-2. Thus, even if changing the amino acids critical for this
interaction will not lead to the disassociation of the Katanin from
the microtubule, it might lead to changes in microtubule sever-
ing activity. Notably, the nature of the tubulin sequence changes
depending on the tubulin isoform and tissue localization (Nishida
et al., 2021). Katanin is required for many cellular processes in
different cell types (McNally and Roll-Mecak, 2018; Sarbanes et al.,
2022). Thus, modulating the Katanin’s microtubule severing ac-
tivity via this interaction might allow different levels of Katanin
activity depending on the cell type (e.g., cilia versus neurons),
allowing the adaptation of the same enzyme to different cellular
contexts. MEI-2•microtubule interaction might not only bring
Katanin to the microtubule lattice, but the nature of the interac-
tion between tubulin and Katanin might modulate the activity of
the enzyme.

A model for Katanin•microtubule interaction leading to
MT severing
From our results, we propose the following Katanin•MT in-
teraction model (Fig. 6 D).We and others have previously shown
that Katanin (MEI-1•MEI-2) is assembled as a hexamer of
dimers (Joly et al., 2016; Sarbanes et al., 2022; Sharp and Ross,
2012; Zehr et al., 2017). We propose that oneMEI-2 makes initial
contact with the globular region of the tubulin (from crosslink
and mass spectrometry results). Then, a second interaction be-
tween a secondMEI-2 present in the Katanin oligomer promotes
the stabilization and the proper positioning of the MEI-1 cata-
lytic ring at the surface of the microtubule (based on the ob-
servation of crosslinks between MEI-1 and tubulin in the
presence of MEI-2). Consequently, the MEI-1 hexamer’s central
pore is positioned in close proximity to the charged CTT of tu-
bulin exposed at the surface of the microtubule, allowing its
engagement in the central pore. Thismodel is entirely consistent
with previous results showing that (i) the presence of MEI-2 is
required for Katanin activity, (ii) the charged CTT stimulates the
ATPase activity of the catalytic ring, and (iii) that the presence
of p80 enhances the microtubule-severing activity in vitro
(Hartman et al., 1998; Hartman and Vale, 1999; Jiang et al., 2017;
Joly et al., 2016, 2020; McNally et al., 2000; McNally and
McNally, 2011; Rezabkova et al., 2017; Vemu et al., 2018; Zehr
et al., 2019). From this respect, we propose the following spec-
ulative model concerning microtubule-severing mechanism: (i)
binding of MT by MEI-2 bringing MEI-1 in proximity to the
microtubule lattice, (ii) tubulin CTT engagement into the central
pore formed by MEI-1 hexamer leading to ATP hydrolysis, (iii)
triggering conformational changes relayed by MEI-2 to the mi-
crotubule, and (iv) extraction of tubulin dimers damaging the
microtubule lattice.

A deep understanding of Katanin function and regulationwill
help the design and engineering of tunable Katanin in space and
time. In that respect, Opto-Katanin, an artificial enzyme tunable
by light was recently developed (Meiring et al., 2022). Notably,
the authors had to fuse the p60 subunit to the MT-binding do-
main of EB3 (Meiring et al., 2022). They concluded that p60
needs a good anchor, binding individual microtubules, and that a

direct interaction of p60 with the CTT may be disadvantageous
in their system. This observation is consistent with the major
role played by p80, which anchors Katanin to the microtubule.

P80 mutations and disease
Indirect observations support the idea of a significant role of p80
in Katanin function. Indeed, there is an increase in observation
of p80 mutation leading to major cellular defects linked to hu-
man diseases such as congenital cortical malformations, steril-
ity, and cancer (Hu et al., 2014; Mishra-Gorur et al., 2014).
Nevertheless, how these mutations affect the enzyme’s activity
is not understood. As p80 has been reported to interact
with different partners directing Katanin localization in vivo
(Akhmanova and Hoogenraad, 2015; Atherton et al., 2019;
Hartman et al., 1998; Hartman and Vale, 1999; Jiang et al., 2014,
2017, 2018; McNally and Roll-Mecak, 2018; Roll-Mecak and
McNally, 2010; Sarbanes et al., 2022), one hypothesis could be
that the mutations affect the direct interaction with partners
and Katanin localization. A second hypothesis emanating from
our study is that the mutations might affect the interaction
between the Katanin and the microtubules, thus affecting di-
rectly the activity of the enzyme. To better understand how
these mutations affect the enzyme’s activity, it is thus of prime
importance to directly test whether they are affecting the af-
finity of the enzyme for the microtubules.

Materials and methods
Plasmids
The plasmids used in this study are described in Table S2.

Protein purification
Katanin (6xHis-MEI-1/Strep-MEI-2 or 6xHis-GFP-MEI-1/Strep-
MEI-2) was produced in BL21 bacteria transformed with plas-
mids available in Table S2. Katanins were purified as described
in Joly et al. (2016) and (2020). Briefly, Katanin production was
induced with 0.5 mM of isopropyl thio-β-D-galactoside (IPTG)
for 4–5 h at 24°C. After centrifugation, bacteria were re-
suspended in 50 mM Tris-HCl pH 8.0, 500 mM NaCl, and 5%
glycerol supplemented with protease inhibitor cocktail (Roche)
and broken by sonication. The soluble fraction was loaded onto
2 × 1 ml StrepTrap HP (GE-Healthcare), and after washing,
proteins were eluted using 5 mM desthiobiotin in the purifica-
tion buffer. The eluate was then loaded onto a 2 × 1 ml HiTrap
Chelating HP column (GE-Healthcare) precharged with Nickel.
After washing, proteins were eluted using imidazole in a puri-
fication buffer. Before storage, the buffer was exchanged to
50 mM Tris-HCl pH 8.0, 500 mM NaCl, and 5% glycerol using a
G25 column, and the proteins were snap-frozen in liquid ni-
trogen and stored at −80°C.

MBP-MEI-2 variants or fragments were produced in BL21
bacteria transformed with plasmids available in Table S2.
Briefly, protein production was induced with 0.5 mM final
concentration of isopropyl thio-β-D-galactoside (IPTG) for 5 h at
24°C. After centrifugation, cells were resuspended in lysis buffer
containing (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, and 5%
glycerol) and broken by sonication. The supernatant was loaded
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ontoMBP-Trap columns (Cytiva), and after washing, the protein
was eluted with 15mMmaltose. The buffer was exchanged using
a G25 column for a storage buffer containing 50 mM Tris-HCl
pH 8.0, 200 mM NaCl, and 5% glycerol. Then, proteins were
frozen in liquid nitrogen and stored at −80°C before using for
experiments.

Nematode strains and culture conditions
C. elegans strains were cultured and maintained using standard
procedures (Brenner, 1974). Transgenic worms expressing
sGFP::MEI-2R transgenes under the control of mei-2 promoter
and terminator were generated by MosSCI (Mos1- mediated
single-copy gene insertion) using the strain EG6699 (ttTi5605 II;
unc-119 [ed3] III; ox|Ex1578) (Frøkjaer-Jensen et al., 2008).
Correct insertion of the transgene into chromosome II was
verified by PCR. C. elegans strains and plasmids used in this
study are listed and described in Table 1 and Table S2,
respectively.

RNAi experiments
RNAi induced by feeding worm bacteria was used to depletemei-
2 mRNA in C. elegans strains expressing sGFP::MEI-2recoded,
resistant to mei-2(RNAi). mei-2 RNAi targets the last exon of mei-
2 (59-AATATCACGAGCGACAATTATGGGAAGCGATCGGCTTGC
TTGAAGGCTCTTGCATCAATTACCAACAGTTTACTGGACACA
ATCATCGGATTTGCATCCACCAAAACTCGGCGAATTGGAGTC
GATGTGGTAGCTGAAGAGCGAGCTGCAAAAGCAACAGAGTGC
ATTCACAATTTTCGCAAAATAGTTAAAAATCGGGACAAAATC
TACAAACAGATTGACCAGGAGACAATTTACAAACTCGATGCC
ATTCTCGAGCGATTGAAAAAAGTTTCCAGCCATAAGTAA-39).
2 mM IPTGwas added to the saturating culture of HT115 bacteria

transformed with L4440 plasmid expressing control (empty
vector) or mei-2 dsRNA. Bacteria were seeded on NGM plates
complemented with 2 mM IPTG. L3 larvae were exposed to
bacteria expressing the dsRNA and maintained at 23°C for 24 h.
After 24 h of RNAi exposition, phenotypes of embryos contained
in adult worms were analyzed by microscopy (DIC or fluores-
cence), and embryo development was evaluated by viability
assay.

Embryonic viability assay/progeny test
Embryonic viability assay was achieved with adult worms ex-
posed to mei-2(RNAi) for 24 h at 23°C. Five adults were trans-
ferred on a new plate for 5 h at 23°C. Worms were removed from
the plates, the laid eggs were counted, and plates were main-
tained at 23°C for 16 h. 16 h later, the number of hatched and
dead embryos was counted to evaluate the embryonic viability
score as a percentage of the initial embryo count. The graphs
were generated by using GraphPad Prism 8.0.2.

Immunofluorescence and imaging
Immunofluorescence analysis was performed on adult worms
exposed to mei-2(RNAi) for 24 h at 23°C. 20 worms were dis-
sected in 5 µl of Shelton buffer on slides previously coated with
subbing-solution (0.4% gelatin, 0.04% Chromium [III] potas-
sium sulfate dodecahydrate, 0.1% poly-L-lysine). A 24 × 32 mm
coverslip was placed onto the drop and the slide was frozen on a
block precooled on dry ice. After 20 min, the coverslip was
flipped and the slide was incubated in −20°C methanol for
20 min. Slides were rehydrated in PBS twice for 5 min. Samples
were blocked for 1 h at room temperature with 100 µl of 2% BSA
in PBS. Then, slides were incubated overnight at 4°C with 100 μl

Table 1. C. elegans strains and plasmids used in this study

Transgenic
strains

Genotypes Proteins expressed References

wLP 903 leaSi41[Pmei-2::sgfp::mei-2 WT recoded + unc-119(+)]II; unc-113(ed3) III sGFP::MEI-2R WT This study

wLP 980 leaSi42[Pmei-2::sgfp::mei-2 K77A K78A recoded + unc-119(+)]II; unc-113(ed3) III sGFP::MEI-2R K77A K78A This study

wLP 982 leaSi43[Pmei-2::sgfp::mei-2 K77D K78D K274D K275D recoded + unc-119(+)]II;
unc-113(ed3) III

sGFP::MEI-2R K77D K78D K274D K275D This study

wLP 1045 leaSi44[Pmei-2::sgfp::mei-2 K77D K78D recoded + unc-119(+)]II; unc-113(ed3) III sGFP::MEI-2R K77D K78D This study

wLP 1047 leaSi45[Pmei-2::sgfp::mei-2 K274A K275A recoded + unc-119(+)]II; unc-113(ed3)
III

sGFP::MEI-2R K274A K275A This study

wLP 1050 leaSi46[Pmei-2::sgfp::mei-2 K274D K275D recoded + unc-119(+)]II; unc-113(ed3)
III

sGFP::MEI-2R K274D K275D This study

wLP 1067 leaSi47[Pmei-2::sgfp::mei-2 K77A K78A K274A K275A recoded + unc-119(+)]II;
unc-113(ed3) III

sGFP::MEI-2R K77A K78A K274A K275A This study

wLP 1087 leaSi48[Pmei-2::sgfp::mei-2 K246A K249A recoded + unc-119(+)]II; unc-113(ed3)
III

sGFP::MEI-2R K246A K249A This study

wLP 1092 leaSi49[Pmei-2::sgfp::mei-2 K246D K249D recoded + unc-119(+)]II; unc-113(ed3)
III

sGFP::MEI-2R K246D K249D This study

wLP 1127 leaSi50[Pmei-2::sgfp::mei-2 K8A K9A K77A K78A K274A K275A recoded + unc-
119(+)]II; unc-113(ed3) III

sGFP::MEI-2R K8A K9A K77A K78A
K274A K275A

This study

wLP 1130 leaSi51[Pmei-2::sgfp::mei-2 K8D K9D K77D K78D K274D K275D recoded + unc-
119(+)]II; unc-113(ed3) III

sGFP::MEI-2R K8D K9D K77D K78D
K274D K275D

This study
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primary antibodies in 2% BSA in PBS in a wet chamber. Goat
anti-GFP antibody (polyclonal, 039600-101-215; Rockland) was used
at a dilution of 1:300. Mouse anti-tubulin antibody (monoclonal,
DM1A; Sigma-Aldrich) was used at a dilution of 1:400. Affinity-
purified rabbit anti-MEI-1 antibody (Pintard et al., 2003) was
used at a dilution of 1:300. Slides were washed with PBS 0.05%
Tween-20 and incubated with 100 µl of secondary antibodies in
2% BSA in PBS for 45min at room temperature. Donkey anti-goat,
Alexa Fluor 488 (polyclonal, A-11055; Invitrogen); donkey anti-
mouse, Alexa Fluor 568 (polyclonal, A-10037; Invitrogen); and
donkey anti-rabbit, Alexa Fluor 667 (polyclonal, A-31573; In-
vitrogen) secondary antibodies were used at a dilution of 1:1,000.
After washing with PBS, samples were mounted using a Vecta-
shield mounting medium containing DAPI between the coverslip
and slide. Coverslips were sealed with nail coat and slides were
stored at 4°C. Fixed embryos were imaged using a spinning disk
confocal X1 microscope with a 63× objective. Captured images
were processed using ImageJ and Photoshop.

Imaging of dissected embryos by DIC
Imaging of polar bodies phenotype of early embryos was per-
formed using a DIC microscope. Embryos were obtained by
dissecting adult worms with a needle in 5 µl of M9 in a coverslip.
Then, the coverslip was placed on a 3% agarose pad pre-prepared
on a slide. DIC images were acquired by an AxiocamHamamatsu
ICcI camera (Hamamatsu Photonics) mounted on a Zeiss AxioIm-
ager A1 microscope equipped with a Plan Neofluar 100×/1.3-NA
objective (Zeiss), and the acquisition system was controlled by
Axiovision software (Zeiss). Captured images were processed using
ImageJ and Photoshop.

Measurement of polar body perimeter
The polar bodies were measured using ImageJ on DIC images of
early embryos after mei-2(RNAi) exposition. The graphs were
generated by using GraphPad Prism 8.0.2.

Imaging of whole worms
Imaging of full worms was performed using a Spinning Disk W1
microscope. Adult worms were anesthetized in 5 µl of levam-
isole on a coverslip placed on a pre-prepared 3% agarose pad on a
slide. Live imaging was performed at 23°C using a spinning disc
confocal head (CSU-W1; Yokogawa Corporation of America)
mounted on a DMI8 inverted microscope (Leica) equipped with
491- and 561-nm lasers (491-nm 150 mW; DPSS Laser 561 nm 150
mW) and a complementary metal-oxide semiconductor (Orca-
Flash 4 V2+; Hamamatsu). Acquisition parameters were con-
trolled byMetaMorph software (Molecular Devices). In all cases,
a 40×, HC PL APO 40×/1.30 Oil CS2 (506358; Leica) lens was
used, and ∼10 z-sections were collected at 0.5-µm intervals.
Captured images were processed using ImageJ and Photoshop.

Taxol-stabilized microtubules
Microtubules were polymerized in vitro from purified porcine
tubulin as previously described (Joly et al., 2016). After centrif-
ugation at 90,000 g for 10 min, microtubules were resuspended
in 80 mM PIPES-KOH, pH 6.8, 1 mM MgCl2, 1 mM EGTA, and
10 µM Taxol and kept at room temperature before use.

Microtubule crosslinking assay
In vitro crosslinking assay between stabilized microtubules and
Katanin (6xHis-MEI-1•Strep-MEI-2) or MEI-2 (MBP-MEI-2)
was performed at room temperature in 46.4 mM PIPES-KOH,
pH = 6.8, 0.580 mM MgCl2, 0.580 mM EGTA, 16 mM Tris-HCl,
pH 8.0, 160 mM NaCl, 1.6% glycerol, 7.8 µM taxol-stabilized
microtubules, and 3.52 µM Katanin. The crosslinking reaction
was initiated by adding 5 mM EDC (1-ethyl-3-[3-dimethylami-
nopropyl]carbodiimide hydrochloride). EDC specifically allows
the crosslink between lysine (K) and aspartate (D) or glutamate
(E). After 15 min, the reaction was stopped by adding Laemmli
and was boiled at 95°C. Crosslinked complexes between bound
proteins were identified and analyzed by running samples on
SDS-PAGE gel (stained free-BioRad gel 4–20% acrylamide) for
stain-free, Coomassie blue staining, or Western blot analysis.

Microtubule binding assay (copelleting assay)
Microtubule-binding reactions were carried out in binding
buffer 80 mM PIPES-KOH, pH 6.8, 1 mM MgCl2, 1 mM EGTA,
10 mM Tris-HCl pH 8.0, 50 mM NaCl, and 1% glycerol. Purified
MBP-MEI-2 WT or variants (1 µM) were incubated in the
presence of indicated concentration of taxol-stabilized micro-
tubules at 25°C for 15 min. The binding reactions were spun
down at 100,000 g for 10 min. Supernatants and resuspended
pellets were analyzed using gradient SDS-PAGE 4–20% and re-
vealed using Stained-free (Biorad) technology. Quantification
was performed using ImageJ and analysis using Origin software.

Microtubule severing assay
Microtubule severing activities of MEI-1 WT•MEI-2 WT or-
variant (6KA or 6KD, as indicated) were performed using
TIRF-based microscopy at 25°C. Briefly, docetaxol-stabilized
rhodamin-labeled microtubules (assembled from porcine tubu-
lin) were adsorbed on a glass coverslip into BRB80 buffer
complemented with 10 µM docetaxol, 5 mMDTT, 10 mMMgCl2,
and 2 mM ATP. After 5 min incubation, the microtubules were
exposed to a Katanin mix containing BRB80 with 10 µM doce-
taxol, 5 mM DTT, 10 mM MgCl2, and 200 nM of the different
Katanin (as indicated). Images were immediately recorded using
a TIRF home-built microscope at a frequency of one image every
2 s for a total of 10 min with an exposure time of 100 ms
by frame.

Each movie was analyzed using ImageJ software. Briefly,
each individual microtubule was hand-picked, and kymographs
were generated using Multi-Kymograph ImageJ Pluggin. We
defined the severing event as the number of severing observed
by second and by micrometer of microtubule. Three indepen-
dent experiments were performed for each Katanin (WT and
variants). The graph was generated using Prism. Error bars
represent the SEM.

Western blotting and analysis
Western blot analysis was performed using a nitrocellulose
blotting membrane (0.45 µm NC, 10600002; Amersham Pro-
trana) according to standard procedures (Sambrook et al., 1989).
Mouse anti-MBP antibody (monoclonal, E8032S; NEB) was used at
the dilution of 1:5,000, and rabbit anti-alpha tubulin (polyclonal,
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Ab18251; Abcam) was used at the dilution of 1:1,000. HRP-
conjugated anti-mouse (A9917; Sigma-Aldrich) and anti-rabbit anti-
bodies (A0545; Sigma-Aldrich) were used at 1:3,000, and the signal
was detected with chemiluminescence (ECL-Millipore).

Mass spectrometry analysis
Briefly, mass spectrometry analysis was performed on com-
plexes separated by SDS-PAGE, gel extracted, and digested using
multienzymatic digestion with trypsin and AIP. Thus, the sam-
ples were analyzed using LC-MS/MS on the Qex2 instrument.
Identification of the protein and sequence coverage were per-
formed using Peaks Studio and detection of crosslinked peptides
with Mass Spec Studio.

Online supplemental material
Fig. S1 shows that the KataninMEI-1CMEI-2 affinity for microtubules
is affected by the charge of residues. Fig. S2 shows MEI-2 cross-
links with microtubules in vitro. Fig. S3 shows sGFP::MEI-2R ex-
pression in worms. Fig. S4 shows the conservation of Katanin p80
subunits’ structural organization. Table S1 shows peptides iden-
tified using mass spectrometry. Table S2 lists plasmids used in
this study.
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Supplemental material

Figure S1. The KataninMEI-1CMEI-2 affinity for microtubules is affected by the charge of residues. (A) Crosslink assay between Katanin composed of MEI-1 and
MEI-2 WT, 6KA or 6KD, and microtubules in vitro. SDS PAGE (BioRad) was analyzed by free staining based on tryptophan fluorescence. (B) Time course of crosslink
reaction between KataninMEI-1CMEI-2 WT, 6KA, or 6KD and microtubules showing the accumulation of crosslinked complex MEI-2Ctubuline over time. SDS PAGE
(BioRad) was analyzed by free staining based on tryptophan fluorescence. Source data are available for this figure: SourceData FS1.
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Figure S2. MEI-2 specifically crosslinks with microtubules in vitro. Crosslink assay between MBP alone or MBP-MEI-2 and microtubules. SDS PAGE
(BioRad) was analyzed by free staining based on tryptophan fluorescence (upper panel) and by Western blot using anti-MBP antibody (lower panel). Source
data are available for this figure: SourceData FS2.

Figure S3. Control of sGFP::MEI-2R expression in worms. (A) Representative spinning disk images of adult worms control (N2) or expressing sGFP::MEI-2R

WT, 6KA, and 6KD exposed to mei-2(RNAi). sGFP fluorescence (gray) shows that the sGFP::MEI-2R WT, 6KA, and 6KD are expressed at the similar level in the
oocytes cytoplasm in gonads. (B) Quantification of the GFP fluorescence using ImageJ software Graph representing the intensity of fluorescence by unit of
surface (A.U.).
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Figure S4. Conservation of structural organization of Katanin p80 subunits. (A) (i) Alpha Fold model of MEI-2 full-length corresponding to Fig. 6 A but
colored using AlphaFold confidence color code. (ii) Error map corresponding to the structure prediction (i). (B) Except for MM KATNB1, which is the x-ray
structure obtained in complex with p60 fragment (PDB: 5LB7) (Jiang et al., 2017), AlphaFold structural models of C-terminal part of p80 and p80-like subunits in
different species based on protein sequences presented in Fig. 6. C. elegans C.e MEI-2; Homo sapiens H.s KATNB1; Homo sapiens H.s KATNBL1; Mus musculus
M.m KATNB1; Mus musculus M.m KATNBL1; Drosophila melanogaster D.m Kat80; Arabidopsis thaliana A.t KTN80.
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Provided online is Table S1. Table S1 shows peptides identified using mass spectrometry.
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